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In this article we review publications relevant to addressing widely reported claims in both the academic and
popular press that chimpanzees working memory (WM) is comparable to, if not exceeding, that of humans. WM
is a complex multidimensional construct with strong parallels in humans to prefrontal cortex and cognitive
development. These parallels occur in chimpanzees, but to a lesser degree. We review empirical evidence and
conclude that the size of WM in chimpanzees is 2 + 1 versus Miller’s famous 7 + 2 in humans. Comparable
differences occur in experiments on chimpanzees relating to strategic and attentional WM subsystems. Regardless
of the domain, chimpanzee WM performance is comparable to that of humans around the age of 4 or 5. Next, we
review evidence showing parallels among the evolution of WM capacity in hominins ancestral to Homo sapiens,

the phylogenetic evolution of hominins leading to Homo sapiens, and evolution in the complexity of stone tool
technology over this time period.

1. Introduction

The last decade has seen a dramatic change in the way we think
about commonalities between us and the pongids. This change in
thinking has been driven by experimental discoveries that attribute to
them many cognitive traits traditionally reserved for humans. It has
been reported that pongids can save and make tools for future use
(Brauer and Call, 2015; Mulcahy and Call, 2006), are able to adopt
another individual’s visual perspective (Hare et al., 2000; Karg et al.,
2015), attribute knowledge of the world to conspecifics (Kaminski et al.,
2008), and perhaps attribute beliefs to humans (Krupenye et al., 2016).
They also have been observed to cooperate to solve common feeding
problems, both in the wild (Boesch, 1994, 2002) and in captivity (Melis
et al., 2006, 2011). Moreover, complex planning and the capacity to
remember past personal events are claimed to be among their cognitive
repertoire (Lewis et al., 2019; Mulcahy and Call, 2006; Martin-Ordas
et al.,, 2010). There are even studies reporting that they may incur
personal costs to witnessing how justice is dispensed (Mendes et al.,
2018). When perusing these studies, one is reminded of Louis Leakey’s
comment when Jane Goodall informed him that chimpanzees used and
made tools, “Now we must redefine tool, redefine Man, or accept
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chimpanzees as humans” (Goodall, 1998). If only using tools made
Leakey question whether chimpanzees belong to our own species, what
would he say now that many cognitive frontiers thought to separate
chimpanzees from humans have been trespassed? Would he be forced to
admit that chimpanzees are indeed humans? This reductio ad absurdum
begs as many questions as it purports to answer. How might we resolve
the matter?

At the neurological level, comparable brain structures in humans,
chimpanzees, and other pongids, suggest evolutionary continuity,
though that by no means excludes the possibility of qualitative differ-
ences between them (cf., Buxhoeveden and Casanova, 2002; Preuss,
2004; Rilling, 2006; Rilling et al., 2007; Semendeferi et al., 2001, among
others). Even between the closely related chimpanzee (Pan troglodytes)
and bonobo (Pan paniscus), small differences in their respective neuro-
logical systems relating to empathy and aggression may underlie strik-
ing differences in their social behavior (Rilling et al., 2012). Thus, while
there is commonality in psychoneural processes in human and
non-human primates (and other mammals), this need not translate into
equivalent commonality for cognitive capacities and social behavior
(Read, 2012a). In the last several decades, comparative psychologists
have devoted a great deal of energy and resources to investigating
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whether specific cognitive traits, once thought to be uniquely human,
are also present in our closest living biological relatives. This approach
has proved to be very productive for identifying commonalities between
human and ape cognitive traits yet attempts at finding or explaining
differences have not received the same attention. Here, we focus on
working memory (WM) and its implications for cognitive performance
and in so doing we are equally intent in explaining both what we
(humans and apes) have in common and what might set us apart at the
cognitive/behavioral level. We take a multidisciplinary approach in
which findings from experiments relating to WM and conducted with
captive apes and from implements made by archaic humans are
reviewed, discussed, and interpreted through consideration of recent
neuroscientific and archaeological developments, as well as detailed
statistical comparisons.

It has been proposed that increase in the size of the holding capacity
of working memory (HWM) makes possible those complex human
cognitive abilities that allowed us to build our extremely complex
technical and social worlds (Coolidge and Wynn, 2001; Read and van
der Leeuw, 2008; Read et al., 2009; van der Leeuw, 2020; van der Leeuw
et al., 2009; Wynn and Coolidge, 2004). If so, qualitative differences in
cognitive abilities related to working memory capacity, including
recursive reasoning (Read, 2006, 2008; cf., Corballis, 2011), could un-
derlie the differences in the cognitive abilities and mental capacity of
humans versus pongids, in general, and between humans and chim-
panzees, in particular. We shall argue that this is the case and then re-
view and evaluate the experimental evidence supporting our claim.

2. Working memory as a complex multidimensional concept

Working memory is a multi-faceted construct, the object of attention
from psychologists and neuroscientists (Chai et al., 2018). Different
theoretical models and their several components allegedly capture the
essence of this construct and are implemented by observing behavior in
response to recall, reasoning, planning, and/or problem-solving.

One recent account of working memory, drawing upon research that
increasingly focuses on the quality and not just the quantity of what is
kept active in WM, argues that WM should be regarded as being a
“limited resource ... distributed flexibly among all items to be main-
tained in memory.... the quality rather than the quantity of working
memory representations determines performance” (Ma et al,
2014:347). Of concern to Ma et al. are research results that focus in more
detail on what is involved in memory recall and whether it is an entire
entity or part of an entity that is the unit of recall and, if the latter, how
these might relate to different kinds of resources. In brief, they consider
that the shift from a focus on quantity to a focus on quality will “lead to a
deeper understanding of how and why individuals remember and
forget” (p. 355).

Consistent with this viewpoint is the idea of subsuming working
memory in a neural Turing machine (cf., Turing, 1936), widely
distributed in the brain, capable of carrying out a vast array of compu-
tations (Christophel et al., 2017; cf., Fuster, 2001, 2015). This would
permit a wide range of items of information to be held at variable
strengths and at variable levels of accessibility in working memory.
From an information theory perspective, a characteristic of our cerebral
neural components is their capacity for attaining a remarkable flexibility
of bandwidth (Miller and Buschman, 2015), thus “information is enco-
ded into working memory by allocating attention to internal represen-
tations” (D’Esposito and Postle, 2015:115). This connects with
Baddeley’s (1996) view of the central executive component of working
memory acting as a control system regarding selecting and rejecting
streams of information for being acted on by working memory. In this
regard, D’Esposito and Postle (2015) aver that Baddeley’s control
system

... was not in any sense ‘specialized for’ or ‘dedicated to’ working
memory operations, but one that could use and/or manipulate the
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contents of working memory storage to more effectively guide
behavior. The prefrontal, basal ganglia, thalamic, and brainstem
systems ... can be construed as a neural substrate for this Central
Executive (D’Esposito and Postle, 2015: 133).

They hold that confusion (from the 1980s to the 2000s) about
whether the prefrontal cortex (PFC) acts as a buffer for WM or directly
relates to the functioning of the central executive component of WM
stems from widespread “misattribution of PFC activity to the functioning
of one of the storage buffers from the multicomponent model rather than
to the Central Executive” (D Esposito and Postle, 2015: 133). Passing-
ham and Wise (2012: 3): assert that "executive function ... has little to
offer in the way of testable hypotheses," that WM is a function of several
regions in mammalian brains, and is demonstrably present in orders of
mammals lacking prefrontal cortex (Passington and Wise, 2012:2-3,
312-315). Nor can WM be regarded as being the primary function of
prefrontal cortex in primates (Ken-Ichiro et al., 2016).

However, determining the precise relationship of the PFC to working
memory is not necessary for our goal of reviewing studies of the
behavior of great apes, and relating their behavior to their working
memory and how this relates to working memory in humans. For this
reason, we do not bind ourselves to any specific theoretical model or
author. Instead, we take to heart an article by Philip Beaman (2010)
about the need to identify the sub-systems most often ascribed to
working memory and their specific functions.

Beaman discusses three ways whereby working memory has been
characterized. For our purposes here, these three main sub-systems
contributing to working memory will provide the context for our dis-
cussion regarding the differences and similarities between humans and
other non-human primates regarding WM. The three sub-systems iden-
tified by Beaman are as follows.

1 Aholding sub-system for working memory (HWM) of sensory buffers
for temporarily holding or storing rapidly decaying information as
part of the manipulation of that information. The holding sub-
system, whether it involves the buffer portion of the phonological
loop, the visuospatial, or some other subsystem of working memory,
holds activated information, some subset of which will be subjected
to attentional control and processing by the executive function of
working memory (Cowan, 1999; Engle et al., 1999). The holding
sub-system has sometimes been referred to as short term memory but
differs from short term memory in that it involves not only storing
information temporarily but also acting upon this information
(Diamond, 2013).

In the original Baddeley model for WM (Baddeley, 1986) there is a
spatial buffer and a phonological buffer. More recently, Baddeley (2000)
introduced an episodic buffer into his WM model when he recognized that
his WM model did not include an explicit component for storage ca-
pacity (Baddeley, 2012). As he phrases it, the episodic buffer can “hold
integrated episodes or chunks in multidimensional code” and “acts as a
buffer store” (Baddeley, 2012: 15). For our purposes here, we incorpo-
rate his idea of buffers by referring, more generally, to a holding
sub-system for working memory.

2 A strategic sub-system of working memory (SWM) for enabling the
establishment of goals and sub-goals for guidance of behavior that
involves “hierarchical processes controlling the order in which a
sequence of operations is performed (Miller et al., 1960:16)” (Bea-
man, 2010: S27).

3 A working memory attentional sub-system (AWM) that allows
focusing of attention onto significant features of one’s surroundings
(Cowan, 1988, 1995, 1999, 2008; D’Esposito and Postle, 2015;
Morey and Cowan, 2018; Rhodes and Cowan, 2018) as well as
filtering out distractors. According to Beaman (2010: S28):
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... the capability [of the AWM] to focus attention on task-relevant
material and prohibit the processing of task-irrelevant material un-
derpins performance on many cognitive tasks, including tests of
reasoning and fluid intelligence (Conway et al., 2003).

In addition, he notes (p. S28) that the AWM relates to quantitative
measures of WM:

Cowan (2001, 2005) provides an extended argument that only four
items at once can be held within the focus of attention (Miller’s
[1956] earlier and larger estimate of 7 + 2! requires the utilization of
more, and more variable, mnemonic strategies; Cowan et al., 2007).
Cowan also considers this value to be relatively invariant (+ 1)
within Homo sapiens.

Of these three sub-systems, the SWM and the AWM sub-systems are
jointly roughly equivalent to Baddeley’s central executive notion. By
regarding the HWM sub-system to be a generalized version of Baddeley’s
episodic buffer, we can pay less attention to the ephemeral character of
the information stored temporarily in the HWM sub-system than to the
limited capacity of the HWM sub-system to hold the items of information
upon which the ATM has focused attention, whether that capacity be as
many as Miller’s magical number 7, Cowan’s 4, or even fewer, perhaps
within a hierarchy of sub-systems (Cowan, 1988, 1995, 1999, 2001,
2005, 2008; McElree, 2006; Majerus et al., 2016, 2017; Miller, 1956;
Morey and Cowan, 2018; Oberauer, 2013, 2018; Rhodes and Cowan,
2018).

We have, then, parsed WM into three separate sub-systems that
facilitate our making fine-grain analyses and interpretations of the
behavior of great apes undergoing experiments involving challenging
cognitive tasks that sheds light on their WM abilities — or limitations —
without necessarily reducing WM just to quantitative measures. Suffice
it to say that we find the parts played in working memory by HWM,
SWM and AWM are useful constructs for studying cognitively grounded
behavior in the great apes. For this purpose, we have focused on ex-
periments that provide accounts of behavior that can be related to these
aspects of working memory.

The experiments that we have reviewed are shown in Table 1 in the
order in which they are discussed. The bulk of our selections are studies
that have investigated the cognition of chimpanzees in a way that is
susceptible to being analyzed in terms of WM computational demands.
In this regard, we selected all experiments that provide direct mea-
surements of the size of HWM in chimpanzees. The latter is often the
focus of comparisons between human and chimpanzee WM. In our se-
lection, we included both natural experiments such as the chimpanzee
nut-cracking at Bossou in Guinea, and experiments with monkeys when
the latter relates to properties of WM in the great apes. We also included
experiments that have been cited by authors in support of claims for
extraordinary WM performance in chimpanzees (e.g., Carruthers, 2013).
There are other studies of ape cognition that we were unable to
decompose effectively into computational WM demands, and so these
have not been included in our review of experiments. Examples (by title)
are “Chimpanzees coordinate in a negotiation game” (Melis et al., 2009),
“Five-year olds, but not chimpanzees, attempt to manage their reputa-
tions” (Engelmann et al., 2012), and “Direct and indirect reputation
formation in nonhuman great apes (Pan paniscus, Pan troglodytes,

! Miller’s 7 + 2 is not a statistical formulation such as mean + sd but instead
expresses the range of values likely to be observed in practice for the holding
capacity of the human working memory system. Cowan’s 4 + 2 is an analogous
expression but differs from Miller’s 7 + 2 in that Cowan’s expression stipulates
the range of values typically observed in different individuals for the parametric
capacity of the short-term memory component of the working memory system.
In analogy with Miller’s 7 + 2, the senior author introduced (Read, 2008) the
expression 2 + 1 for the working memory holding capacity of Pan inferred from
qualitative differences in their nut cracking abilities.
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Gorillagorilla, Pongo pygmaeus) and human children (Homo sapiens)
(Herrmann et al., 2013).

For all the studies listed in Table 1, we have critically reviewed the
experiment to see if it had design problems and whether the data from
the experiment support the interpretations made of subject behavior.
Our long-term goal is not just to be critical of the work of others, but to
use informed critique to help explain and interpret when, where, and
how working memory evolved uniquely human characteristics. This
requires considering working memory not only from the viewpoint of
extant human and non-human primates, but also as an external physical
resource registered in the stone artefacts that are part of the Paleolithic
record of our hominin ancestors (Beaman, 2010; cf. Miller et al., 1960:
65). Because great apes are phylogenetically close to humans, an
important consideration is how humans, unlike the great apes, came to
develop the ability to foresee the appropriateness of the affordances of
raw materials for making artefacts that bear scant resemblance to the
forms of the raw material (e.g., the foresight of seeing a hand-axe in a
block of rock). Great apes seem to lack that capacity for prospective
memory and the requisite imagination needed to envisage “how things
might be as well as how they actually are” (Russon, 2004) and for
“blending reality among different potential spheres” (Manrique and
Walker, 2017, pp. 41-53). Thus, we also discuss experimental work on
stone artifact manufacture that relates to the evolution of human
working memory (see Section 8).

2.1. Association between working memory and cognitive performance

That measures of WM performance should be associated strongly
with other measures of cognitive performance is implied by Baddeley
and others’ models for WM as a primary nexus for the computational
aspects of the brain. Alloway and Alloway (2010) briefly refer to several
studies showing the wide-ranging occurrence of the expected
association:

Individual differences in working memory capacity have important
consequences for children’s ability to acquire knowledge and new
skills (see Cowan and Alloway, 2008, for a review). In typically
developing children, scores on working memory tasks predict
reading achievement independent of measures of phonological skills
(Swanson and Beebe-Frankenberger, 2004). Working memory is also
linked to math outcomes; low working memory scores are closely
related to poor performance on arithmetic word problems (Swanson
and Sachse-Lee, 2001) and poor computational skills (Bull and Scerif,
2001; Geary et al., 1999). Working memory capacity also has a sig-
nificant impact on learning in various developmental disorders such
as reading disabilities (Gathercole et al., 2006), language impair-
ments (Alloway and Archibald, 2008), and motor difficulties
(Alloway, 2007).

Others report that there is an association of WM with fluid intelli-
gence and academic performance (e.g., Cowan et al., 2005; Cowan et al.,
2006; Engle, 2002; Engle et al., 1999). Recent research suggests that the
association of WM with fluid intelligence may be the consequence of
both WM and fluid intelligence requiring attention control, which in-
volves “the domain-general ability to regulate information processing in
service of goal-directed behavior” (Burgoyne and Engle, 2020, p. 624).
For academic performance, WM is also a strong predictor (Gathercole
et al., 2004; Dumontheil and Klingberg, 2012) and WM skills at 5 years
of age are even a better predictor of academic performance 6 years later
than is IQ (Alloway and Alloway, 2010). Further supporting the
connection between WM and mental performance is the significant ge-
netic covariance among IQ, processing speed and WM as shown through
a twin study based on monozygotic and dizygotic twin pairs (Luciano
et al., 2001).

In the reverse direction, low size of working memory correlates with
poor academic performance in reading, mathematics and science
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Table 1
Chimpanzee Experiments Relating to WM.
Experiment Task Publication WM Longitudinal WM Claim Comment
subsystem
Battery of Age for first passing Herrmann et al. (2007), SWM, Yes Chimpanzees perform less well in ~ Expand linear change in
Cognitive Tests cognitive test Wobber et al. (2014) (see ~ ATM (synchronic) the SWM and ATM subsystems HWM with age to SWM and
p. 18 ff.) than humans and have shorter ATM
cognitive development time
Nut Cracking Tool making and tool Matsuzawa (1994) (seep. ~ HWM, Yes (diachronic ~ none Data show HWM =2 + 1
usage 20 ff.) SWM & synchronic)
Floating Peanut Innovative solution Hanus et al. (2011) (see SWM, No Chimpanzees match human Chimpanzees are comparable
p. 25 ff.) ATM cognitive ability of human 7- to human 3.5-year-olds
year-olds
Memorize Order Digit recall Kawai and Matsuzawa HWM No Chimpanzee HWM > human Data show HWM = 2 + 1 for
of Digits (2000) (see p. 28 ff.); HWM chimpanzees
Inoue and Matsuzawa
(2007) (see p. 28 ff.)
Hidden Food Search for food in Volter et al. (2019) (see HWM, No Chimpanzees have remarkable Data show HWM = 2 + 1 for
closed boxes without p. 30 ff.) SWM WM ability chimpanzees
repeating any box
Rotating Paddles Planning ability Tecwyn et al. (2013) (see ~ SWM No Shows limited planning abilities Data belie claims about
p. 46 ff.) sophisticated planning
abilities in chimpanzees
Anticipated Need Select or make tool in Mulcahy and Call (2006) SWM No Act in accordance with future Data show limited ability to
anticipation of future (see p. 47 ff.), Brauer and needs make choices in anticipation
need Call (2015) (see p.48 ff.) of future need
Goggles Follow human gaze as Karg et al. (2015) (see p. ATM No Ape has level-1 visual perspective  Apes failed to follow gaze as a
a function of previous 48 ff.) taking abilities function of their own
experience with previous visual experience
goggles with goggle-like masks
Transparent Attribute mental states Kano et al. (2019) (see p. ATM No Apes take into account the visual Modest performance (circa
versus Opaque that one has 51 ff.) perspective of competitor 60% success)
Screen experienced to others (Theory of Mind)
Subitizing (Rhesus Distinguish larger Hauser et al. (2000), HWM No Size of subitizing = Size of pure Size of subitizing is not a
Monkeys) from smaller set of discussed by Carruthers HWM measure of pure HWM
items (2013) (see p. 40 ff.)
Analog Estimator Distinguish larger Beran and Beran (2004) HWM No n.a. Hauser experiment does not

(Chimpanzees)

from smaller set of

(see p. 41 ff.)

measure pure HWM

items

(Gathercole, 2008) and can lead to difficulty in participating in con-
versations (Bayles, 2003). In addition, working memory impaired
through a stroke is found to have a negative effect on daily life activities
(Fitri et al., 2020).

3. Age-based working memory development

Comparison of the size of HWM for our species with that of the non-
human primates involves more than just a comparison of adult HWM
capacity since, in humans, working memory becomes active at least as
early as 7 months (Diamond and Doar, 1989) and then increases in size
to 7 + 2 — the characterization for the size of adult human WM popu-
larized by George A. Miller (1956) — in puberty or shortly thereafter.
Thus, our first task is to delineate how HWM changes in size in humans
with age. Then we can compare the development of HWM in humans
with that of chimpanzees.

We begin the first task with a diachronically measured longitudinal
study of human infants showing that HWM increases linearly with age.
We use the result of that study to predict a linear pattern for the increase
in HWM through puberty. Next, we validate and then corroborate the
predicted linear pattern. We did the validation in two ways. First, we
showed that the age-based trajectory for children from 6 to 12 years of
age with HWM capacity measured both diachronically and synchroni-
cally matches both the linear pattern and the growth rate of the pre-
dicted trajectory. Second, we did a meta-study based on 12
synchronically measured data sets involving a variety of measures for
working memory, with at least 3 age cohorts in each study so that there
are at least 3 data points for inferring the trajectory pattern for the in-
crease in HWM with age. We found that the trajectory for each of the 12
studies is linear and has the same growth rate as does the predicted
trajectory. Lastly, we corroborate the validated predicted trajectory by

applying it to a study showing the longitudinal pattern for HWM in-
crease in each of the components of the Baddeley model for working
memory inferred from synchronic data on age cohorts varying from 4 to
12 years of age. For each component and measure of working memory,
we find that the trajectory is linear with a growth rate matching that of
the predicted trajectory. With this validation and corroboration of the
predicted trajectory, we have a baseline pattern for increase in HWM by
age in humans.

3.1. Determination of the trajectory for age-based increase in HWM
capacity

Studies relating the size of HWM to age longitudinally generally
measure HWM synchronically across different age cohorts and then
compare the HWM measurements for the different age cohorts to infer a
longitudinal trajectory. One study by Diamond and Doar (1989), how-
ever, directly measured longitudinal changes in HWM by age in infants,
starting with a cohort of 7-month-old infants and then measuring HWM
monthly until the infants reached an age of 12 months. They used the
length of a delayed response as their measure of working memory ca-
pacity. Their study shows a strong linear increase in HWM capacity for
the infants: time delay = 0.16*agemonths - 1.01 (r* = 0.99) based on the
mean working memory score for each age group (see Fig. 1A). Read
(2008) extended this linear relationship through puberty to form a
predicted linear trajectory for the increase in HWM capacity with age
(see Fig. 1B).

3.2. Validation of the extension of the linear infant growth trajectory
beyond infancy

Next we validate the extension of the linear pattern for the age-
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Fig. 1. A (Inset, left diagram): Growth pattern
based on a diachronic longitudinal study from 7
to 12 months in age of the size of working
memory for infants (Diamond and Doar, 1989).

Working Memory (7 point scale)

o 12 24 36 48 60 72 84 96 108 120 132 144 156

mean of six working memory measures

Mean Age (months)

B (Left diagram): Meta-analysis of 12 syn-
chronic longitudinal studies measuring change
in working memory with age. Each data set is
rescaled so that (mean age, mean WM size) for
the data set is on the projected growth pattern
for working memory from the Diamond and
Doar study (see inset). The regression line for
each data set has statistically the same slope as
the projected growth pattern (see Read, 2008).
The regression equation is the inset regression

Y = 0.0508x -
03111

equation rescaled for age 144 months to corre-
spond to size of HWM = 7. C (Right diagram):

Size of working memory versus age compared
to the projection of the Diamond and Doar
(1989) growth trajectory, with working mem-

ory measured by the average in each age group of the 6 measures of WM discussed in Gathercole et al. (2004). (Alp, 1989; Alp, 1994; Carlson et al., 2002; Correa,

1995, Johnson et al., 1989; Kidd and Bavin, 2002; Siegel and Ryan, 1989).

related increase in infant HWM capacity beyond infancy. Validation of
the linear extension of the infant trajectory makes use of a study con-
ducted by Henrik Ullman and colleagues (Ullman et al., 2014) to
determine the extent to which magnetic resonance imaging (MRI) and
HWM capacity measurements obtained in one year (hereafter year 1)
can predict the measurement of working memory capacity two years
later (hereafter year 2). The HWM measurement used by Ullman and
colleagues was a composite score based on three measures of Visuo-
spatial WM (VSWM). Their study used a sample of n = 60 children
divided into age cohorts spaced two years apart, starting with a cohort of
6-year-old children and ending with a cohort of 20-year-old young
adults. Thus, their dataset includes both diachronic data in the form of
HWM measurements made 2 years apart and synchronic longitudinal
data in the form of age-based cohorts of children, also 2 years apart.

In their analysis of the measurement data, Ullman and colleagues fit
a curvilinear model to the relationship between age and their composite
VSWM measurement, with the age of the children on whom the mea-
surements were made varying from 6 to 20 years. They did not include
statistical validation for the fit of the curvilinear model to the data.
Consequently, their fitting of a curvilinear model to their data is not
indicative of the data pattern from 6 to 12 year of age.? The slowing
growth rate beyond the 12-year-olds makes the overall data pattern
from 6 to 20 years appear curvilinear regardless of the trajectory pattern
for ages 6-12. For this reason, we excluded children with age > 12 years
in the Ullman data set so as to not include children with HWM capacity
growth decreasing due to maturation. In addition, we excluded children
who were 12 years old in year 1 to ensure that all the children in the
reduced data set were each measured twice: once in year 1 and then
again in year 2.

The relationship between age and the VSWM scores for the reduced
data set is shown in Fig. 2. The residuals for the linear trendline (black
line in Fig. 2) are normally distributed (Shapiro-Wilk Score = 0.99, p =
0.79), hence a linear trend line cannot be rejected. The predicted
trendline based on infant data is shown in blue and visually it is evident

2 Visually, it appears that the Ullman and colleagues’ data set shows a linear
change in their measure of WM with age (see Fig. 4 in Ullman et al., 2014). For
this reason, the senior author asked Ullman whether his data were linear over
the age range from 6 to 14 years. He replied: “I agree with your interpretation
of the data set we used in the study; WM development within the 6—14 years
old interval appears linear. This is in concordance with other similar data sets.
... non-linear functions would not show a significantly better fit compared to a
linear function if performed on this subgroup. ... For practical purposes we can
therefore consider WM development in the age interval as linear” (Ullman,
2019).

30 +

y=0.16x-1.01
Predicted linear trend

N
@

y=0.15x-0.14
Linear trend (n = 60, R? = 0.44)

Rescaled VSWM Score
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Fig. 2. Graph of Visuospatial Working Memory (VSWM) versus age. Linear fit
to data shown by the black line with a 95 % confidence interval for the data
means. The blue line shows the predicted linear fit based on the Diamond and
Doar (1989) infant data set (see Fig. 1A). The VSWM variable has been rescaled
so that the point (mean VSWM, mean age) is on the predicted linear fit. The
linear fit to the VSWM data (black line) has a slope of 0.15 in comparison to the
slope of 0.16 for the predicted linear fit (blue line). Visually the predicted linear
fit falls well within the 95 % confidence interval, hence the two lines are sta-
tistically identical. VSWM data were determined from Fig. 1 in Ullman
et al. (2014).

that the slopes of the two trendlines are virtually identical, thus the
growth rate in HWM for infants continues to be the growth rate in
children from 6 to 12 years of age, even though the infant data are based
on Auditory WM whereas the Ullman data are based on Visuospatial
WM. We find, then, that these and the Ullman and colleagues data set
validates the predicted linear trend line for children beyond infancy.

3.3. Corroboration of baseline predicted trajectory with a meta-analysis
of 12 synchronic longitudinal studies

The predicted trajectory was also compared to the trajectory deter-
mined from the meta-analysis of 12 data sets based on age cohorts
(Read, 2008). These two trajectories are fully consistent with each other
(see Fig. 1A, B), thus unequivoclly supporting the hypothesis that
working memory increases linearly with age in Homo sapiens.

For the meta-analysis Read culled 12 studies — conducted between
1989 and 2004 and mainly from the psychological literature — that
measured the size of HWM capacity using synchronic longitudinal data
sets. A variety of keywords were used to retrieve the data sets, including
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both more obvious keywords (e.g., working memory, short term mem-
ory, age range, age cohorts, executive function, etc.) and keywords
focusing on what was being measured (e.g., relative clauses, imitation
sorting task, word memory, counting, etc.). To be included, a study had
to measure HWM capacity over at least three age cohorts to provide
enough data points to be able to determine whether the change in HWM
capacity across the age cohorts in that study varies linearly with age. All
studies that met these criteria were included in the meta-analysis.
Jointly, the 12 studies cover the age range from 4 years through pu-
berty. Each study shows a linear increase in the size of HWM capacity
with age.

The 12 studies in the meta-analysis were each fit to the predicted
linear growth pattern by rescaling the working measure capacity used in
a study so that the point defined by (weighted mean age, weighted mean
HWM capacity) is on the predicted growth trajectory. For each study,
the growth rate of the HWM capacity measure matches the Diamond and
Doar (1989) predicted growth rate for HWM capacity (Read, 2008; see
Fig. 1B). The meta-analysis also shows that all 12 of the data sets have
the same growth rate for HWM capacity even though different measures
of HWM capacity were used and the studies differed regarding the
components of working memory hypothesized by Baddeley that were
being measured. Altogether, these data validate a linear pattern for the
growth of HWM capacity with age.

3.4. Corroboration of the predicted baseline trajectory based on a large
synchronic longitudinal study

Our corroboration of the predicted linear trajectory is based on a
large study (n = 366) conducted by Gathercole and colleagues (Gath-
ercole et al., 2004) showing how a measure of working memory capacity
for each of the executive, space and phonological components of Bad-
deley’s model varies with age. They inferred the pattern for longitudinal
change in each of the three WM components with a synchronic study
using 9 age cohorts ranging from 4 to 12 years of age and with cohort
sizes varying from 37 to 101. They found a strong linear increase in
working memory capacity with age for each of these three components
(see Fig. 3):

The developmental functions for measures associated with the
phonological loop, the central executive, and the Visuospace
sketchpad were found to be very similar, showing linear increases in
performance from 4 years through to adolescence [and] ... for verbal
storage only, y = 242x - 1.275, ? =0.971; complex memory span, y
=269x-1.521, = 0.969; Visuospace memory, y = 251x - 1.453, r?
= 0.979 [pp. 187, 180-181].

The Gathercole et al. (2004) data show that the three measures for
each WM component have strikingly similar linear patterns (see Fig. 3),
with the exception that (1) the phonological loop shifts to a lower
growth rate after 6 years of age and (2) the rate of growth in HWM
capacity slows down and stabilizes at 11 years of age for the central
executive and Visuospace components. Taking these observations into
account, we compared the 6 measures comprising the central executive
and Visuospace components for ages from 4 to 11 to the Diamond and
Doar (1989) predicted growth trajectory by rescaling each of the
Gathercole et al. (2004) measurements in the manner discussed above
and then the six rescaled measurements were averaged within each age
group to form a single age varying summary measure. The predicted
growth trajectory (see Fig. 1B) fits the growth pattern for the summary
measure for the data points from 4 to 8 years of age followed by a slight
decrease in the growth rate of working memory capacity starting at 9
years of age (see Fig. 1C).
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4. Parallel between working memory development and
prefrontal cortex development

Though working memory, in its totality, may be associated with
more than just the prefrontal cortex, the executive function of working
memory is regarded frequently as being a cognitive aspect attributable
to prefrontal cortex (cf., Fuster, 2002; Goldberg, 2002; Funahashi, 2017
and references therein). The precise linkage is subject to different in-
terpretations, with one interpretation being that the prefrontal cortex is
where the information processed by working memory is stored (see Lara
and Wallis, 2015 and references therein) and another that the role of the
prefrontal cortex is to “select information and perform executive func-
tions that are necessary to control the cognitive processing of the in-
formation (Postle, 2006)” (Lara and Wallis, 2015, p. 5). In either case,
the linkage of WM with the prefrontal cortex suggests that another way
the pre-adult development of working memory performance with age
can be measured is by taking advantage of both the fact that the
pre-frontal cortex does not fully develop until adulthood (Gogtay et al.,
2004) and the development of WM performance with age parallels the
maturation of the prefrontal cortex (Spear, 2000) and the frontal lobes
(Conklin et al., 2007) with age. Regarding the cortex, “the sequence in
which the cortex matures parallels cognitive milestones in human
development” (Casey et al., 2005:104 and references therein; see also
Fuster, 2002). In addition, maturation of the connectivity between the
prefrontal region and the parietal region also correlates positively with
increases in WM performance (Olesen et al., 2003).

Developmental increase in the prefrontal cortex has been measured
both by changes in grey and white matter volumes and myelination of
axon fibers (Casey et al., 2005; Zhou et al., 2016, and references therein)
and by increase in prefrontal cortex activity with the cranial location of
the activity measured using fMRI (Casey et al., 2005). Regarding the
association between WM maturation and maturation of the prefrontal
cortex, there is a positive association between increase in WM perfor-
mance and maturation of white and gray matter (Darki and Klingberg,
2015).

Klingberg et al. (2002) observe that previous studies either docu-
mented increases in WM capacity with age until adulthood or increases
in neuronal activity with age but not correlations between WM capacity
increase and neuroactivity increase. Their study was designed to fill this
gap. For n = 14 children with ages ranging from 9 to 18 years, they
measured WM capacity with a visuospatial task consisting in locating
the previous position of three to nine circles sequentially flashed on
screen, and measured brain activity using fMRI scans while the WM task
was being performed. This allowed them to compute “correlations be-
tween brain activity and age, as well as between brain activity and WM
capacity” (p. 1), with these correlations reported in their article as either
positive, negative, or not significant. Positive correlations between age
and WM capacity, and between age and activity, were found in the su-
perior frontal and intraparietal cortex and interpreted as showing a
“positive correlation between age related increases in WM capacity and
brain activity in the superior frontal and intraparietal cortex” (p. 8).

More generally, the study reported in Conklin et al. (2007) estab-
lishes that the temporal order in which performance was mastered for
the WM tasks that were part of their study parallels the temporal order
for the developmental maturation of the frontal substrates —i.e., the
ventrolateral prefrontal cortex and the dorsolateral prefrontal cortex —
associated with the performance of these WM tasks. Altogether, it ap-
pears that “cortical activity and structure are closely related to current
WM, while the subcortical white matter tracts and activity in the
caudate are preceding these changes and predict future WM capacity”
(Darki and Klingberg, 2015: 1594), hence WM capacity closely relates to
brain development and maturation associated with age.
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5. Cognitive development in humans parallels cognitive
development in non-human primates

In general, the non-human primates have cognitive abilities and
brain functions that are like those of humans (King et al., 1988),
including working memory. Within working memory there is a close
parallel between the Visuospace component of working memory for
humans and for non-human primates such as monkeys and the great
apes. Though working memory of humans and non-human primates
show many parallels, there are differences, such as the ability of humans
to actively maintain information in working memory through means
such as rehearsal using the “phonological loop” (Baddeley, 2003). As
discussed by Brady and Hampton (2018), it has been assumed that while
rhesus monkeys can keep familiar stimuli in working memory through
rehearsal, the same is not the case for novel stimuli since they lack the
language facility to enable the verbal recoding and rehearsal through a
phonological loop used by humans to keep novel stimuli active in
working memory. Their recent research, however, shows that rhesus
monkeys can keep novel stimuli active in working memory through
encoding that does not depend on language, thus opening the possibility
that “mechanisms supporting the maintenance of unfamiliar memo-
randa in working memory evolved before language and at least 32 mya
when a common ancestor of humans and rhesus monkeys lived” (p. 8).

Working memory, then, facilitates comparison of the cognitive
development in the non-human primates with that of humans given the
association of WM development with cognitive development and its
association, in both groups, with the maturational pattern of the pre-
frontal cortex. The pattern of increase in WM performance with age in
humans also occurs in monkeys, with WM performance already in place
before 1 year of age (Alexander and Goldman, 1978; Diamond, 1990)
and increasing with age to 36 months and then through puberty until
early adulthood (Zhou et al., 2016). For the rhesus monkeys (Macaca
mulatta), an experiment carried out by Goldman and Alexander (Gold-
man and Alexander, 1977; Alexander and Goldman, 1978) shows that
there is a parallel between increase in WM performance with age and
increase in prefrontal cortex development and activity from 12 to 36
months. They measured, at different ages, their performance on a 12 s
delayed response task, both under normal conditions and when the ac-
tivity of the dorsolateral prefrontal cortex (DLPFC) had been depressed
by induced hypothermia. From the difference between these two mea-
sures, they could determine the magnitude of the effect of the DLPFC
reduced activity on the performance level for the delayed response task.
They found no effect in the 9 — 16-month-old monkeys, a reduction of
7-8% in the 19 — 31-month-old monkeys, and a reduction of 21-25 % in
the 36-month-old monkeys. This development parallels the pattern
found in humans from adolescence to adulthood: “Our findings establish
non-human primates as a model of cognitive development that mirrors
the progression of working memory ability observed in humans during
adolescence” (Zhou et al., 2016: 7).

5.1. Cognitive development in humans compared to cognitive development
in non-human primates

When compared to human infants and using the same task for both
human infants and monkey infants, macaque performance at 4 months
matches human toddler performance at 12 months (Diamond, 1990),
indicative of the development extension that is characteristic of humans
(Montagu, 1955). The protracted maturation of the prefrontal cortex in
humans relates, it has been suggested, to neuronal plasticity that allows
for increased effect of post-natal experiences on brain functioning
(Johnson, 2001). It has also been suggested that the same extension in
time to maturation occurs with the chimpanzees and so it would be
present in an ancestor common to chimpanzees and humans (Sakai
et al., 2012), though there are differences in prefrontal cortex matura-
tion rates between humans and chimpanzees. Smaers et al. (2017: 720)
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demonstrated that “expansion of human prefrontal cortex significantly
exceeds the enlargement in other heteromodal association areas, sug-
gesting that human evolution has been characterized by selection for
changes in executive functions meditated by this cortical region”.

5.2. Prefrontal cortex development rate faster in humans in comparison to
chimpanzees

Prefrontal cortex develops at a faster rate in humans than in chim-
panzees (Somel et al., 2011). As shown by Sakai and colleagues (Sakai
et al., 2012), a longitudinal study of prefrontal development in chim-
panzees (Pan troglodytes) from 6 months to 6 years using magnetic
resonance image scans shows that the prefrontal white matter volume is
still immature and has not reached adult levels during prepuberty (see
Fig. 4A). In sharp contrast, in humans (Homo sapiens) prefrontal devel-
opment extends from 1 month to 10.5 years and is part of the devel-
opment extension that is characteristic of our species (Montagu, 1955).
Adult prefrontal levels are reached well before puberty (see Fig. 4B).
This protracted maturation of the prefrontal cortex in humans relates, it
has been suggested, to neuronal plasticity that allows for increased effect
of post-natal experiences on brain functioning (Johnson, 2001). The rate
of prefrontal white matter volume increase is slower during infancy in
chimpanzees than in humans, thus suggesting “a less mature and more
protracted elaboration of neuronal connections in the prefrontal portion
of the developing brain existed in the last common ancestor of chim-
panzees and humans” (Sakai et al., 2012).

5.3. Differences in development of cognitive capacities in humans in
comparison to chimpanzees

5.3.1. Developmental delay in Pan versus Homo accelerates with Pan
maturation

There have been two major studies that compare the cognitive
abilities of humans and chimpanzees. Herrmann and colleagues (Herr-
mann et al., 2007) compared humans, chimpanzees, and orangutans and
Wobber and colleagues (Wobber et al., 2014) compared humans,
chimpanzees, and bonobos by applying a battery of cognitive tests that
were divided into social cognition versus physical cognition tests. The
first study, by Herrmann and colleagues, compared 105 toddlers (mean
age of 2.5 years, varying from 2.3 to 2.7 years) from a medium size city
in Germany to 106 chimpanzees from the Ngamba Island (Uganda) and
Tchimpounga Chimpanzee Rehabilitation Centre (Republic of Congo)
sanctuaries, with chimpanzee ages varying from 3 to 12 years (mean age
= 10 years, standard deviation = 5.20 years>). The study compared the
two groups as a whole, not with a time trajectory for the individual
chimpanzees. Thus, toddler humans were compared to mainly adult
chimpanzees. They found that the human toddlers significantly (p <
0.001) outperformed the chimpanzees on measures of social cognition
but did not outperform the chimpanzees for measures of physical
cognition (Herrmann et al., 2007: Fig. 1).

The second study is by Wobber and colleagues and expands on the
scope of the first study by comparing the cognitive development pattern
in humans to that of chimpanzee and bonobo “toddlers,” with the in-
dividuals in each group given 14 cognitive tasks relating to social skills,
physical skills, and attentional/motivational control. The chimpanzees
performed better than the bonobos at understanding physical causality
and the bonobos performed better than the chimpanzees at under-
standing social causality, thus showing “the role of ecological and socio-
ecological pressures in shaping cognitive skills over relatively short
periods of evolutionary time” (Herrmann et al., 2010, p. 1), rather than a
consistent difference in WM between chimpanzees and bonobos. For this
reason, the bonobos will be subsumed with the chimpanzees for our

3 The authors do not include the standard deviation. We computed it from
Table S1 in the Supplemental Data for their article.
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Fig. 5. Age for task emergence for human and chimpanzee toddlers. Age for
task emergence is defined as the age at which a task is first performed suc-
cessfully by > 50 % of group members. Black symbols — human toddlers; grey
symbols — Pan “toddlers.” Lines connect similar task for human toddlers and
for Pan “toddlers.” Tasks from top to bottom, with kind of task in parentheses
and followed by references, are.

Dyadic to Triadic Interactions (social cognition). Note: True triadic interaction
(infant, mother, object) has not been shown to occur in Pan. Carpenter et al.
(1998), Carpenter and Call (2013), Tomasello (1999), Hayashi and Matsuzawa
(2003) and Nakashima (2003).

Panel of Social and Physical and Cognitive Tests. Tool properties (physical
cognition), tool use (physical cognition) and goal understanding (individual to
social cognition) are for single tests from the panel of cognitive tests and are the
most difficult tests for Pan “toddlers.” Task emergence: (1) 67 % of social and
60 % of physical cognition tests emerged in 2-year-old humans; (2) 44 % of
social and 0% of physical cognition tests emerged in 2-year-old chimpanzees;
(3)100 % of social and 80 % of physical cognition tests emerged in 3-year-old
humans; (4) 55 % of social and 20 % of physical cognition tests emerged in
3-year-old chimpanzees. Wobber et al. (2014).

Goal Directed Action (social cognition). Gergely et al. (2002), Woodward
(1998), Bering et al. (2000, Tomasello and Carpenter (2005) and Wobber et al.
(2014).

Gaze Following (social cognition). Moll and Tomasello (2004), Okamoto-Barth
et al. (2008); Tomasello and Carpenter (2005) and Wobber et al. (2014).
Spontaneous Classification. Note: 3rd order or higher classification does not
occur in Pan. Langer (1986), Poti et al. (1999) and Spinozzi et al. (1999).

purposes here. The human sample consisted of n = 48 children from age
2-4 and the comparison chimpanzee sample consists of n = 49 chim-
panzees also from age 2-4. A second sample of n = 44 juvenile chim-
panzees were tracked longitudinally for 3 years.

The authors begin by observing that for the first few months after
birth, cognitive capacities in human and ape infants are similar (see also
Langer, 2006; Matsuzawa et al., 2006; Rosati et al., 2014). For the
cognitive tasks, the researchers found that from age 2-4 years, human
toddlers outperform Pan “toddlers” with respect to social cognitive skills
at all ages (see Fig. 5) and also develop increased social cognitive skills
with age whereas Pan “toddlers” do not. In the physical domain, the
performance of human toddlers and ape “toddlers” are comparable at
two years of age but then increasingly differed as human toddlers
augment their level of performance with age, but Pan “toddlers” do not.
For the attentional/motivational control tests, there is no difference in
performance between human toddlers and Pan “toddlers” at any age and
neither increases in performance with age (Wobber et al., 2014). From 4
to 6 years of age, cognitive performance of Pan subjects increases, but at
a slower rate than is the case for the human subjects from 2 to 4 years of
age (Wobber et al., 2014; see Fig. 5). The researchers conclude:

there are significant differences in the pattern and pace of cognitive
development between humans and ... chimpanzees and bonobos.
First, ... accelerated ontogeny in human cognitive development
relative to other apes.... Second, ... variable pattern of cognitive
development between human and Pan ... particularly apparent
within the social cognitive domain.... [H]uman cognitive
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Fig. 6. Age when task or test can be first performed. Data are from Fig. 5. (See
Fig. 5 for data references.) Black symbols — human infants; grey symbols —
Pan infants; open symbols— occurs in human infants but not Pan infants.
Dashed lines connect similar task or test for human infants and Pan infants.
Solid line: Predicted change in size of WM with age in humans (from Fig. 1B).
Assuming the same size of WM is required for doing the same task or test in Pan
as in Homo sapiens, the data show a delay in the age for first performance of the
same task or test in Pan infants in comparison to human infants. This delay
implies a slower growth rate for WM in Pan versus Homo sapiens. Chimpanzees
reach puberty by age 7. These data imply that the size of WM is, on average, ~2
for Pan adults.

& — Dyadic to Triadic Interactions; [l — Panel of Social and Physical and
Cognitive Tests;

® — Goal Directed Action; g — Gaze Following; ll — Spontaneous
Classification

development is accelerated overall in comparison to our closest
living relatives, with particularly marked change in humans’ devel-
opment of socio-cognitive skills. (pp. 567-568; see Fig. 5)

5.3.2. Delays in occurrence of comparable cognitive abilities in Pan implies
a limited working memory size for Pan in comparison to humans

The pattern derived from the Wobber et al. (2014) data is that
cognitive capacities of human toddlers and Pan “toddlers” are compa-
rable, but the development of cognitive capacities in human toddlers
occurs faster than in Pan “toddlers,” not only for the cognitive tests they
used in their research (see middle part of Fig. 6), but for a variety of
other behaviors relating to cognitive capacity as well (see upper and
lower part of Fig. 6). For all data, an initial one-year delay for Pan infants
to display simpler behavior comparable to human infants (leftmost
symbols linked in pairs in Fig. 5) is extended to a 3 — 5-year delay for
more complex behavior (rightmost symbols linked in pairs in Fig. 5) as
shown in Fig. 6.

In the bottom row of Fig. 5 are summary results from the research
work performed by Langer (1986) and Luciana and Nelson (1998) on the
way undirected human infants and toddlers increasingly formulate more
complex groupings of objects with age, going from 1st to 3rd order
classifications. The research protocol used by Langer has also been
applied to Pan by Poti et al. (1999) and Spinozzi et al. (1999). For Pan,
2nd order classifications are first made four years after making 1st order
classifications and Pan “toddlers” never make 3rd order classifications.
The failure of Pan to ever exhibit a behavior engaged in by human
toddlers also occurs with interaction behavior (shown at the top of
Fig. 5).

Dyadic interactions occur at a slightly older age in Pan “toddlers”
than in human toddlers through “primary intersubjectivity” (Tre-
varthen, 1979), where infants attune their emotions to those of their
caregivers through “face-to-face” exchanges (i.e., interlocking gazes).
While human toddlers then begin, at 9 months (Tomasello, 1995), to
engage in triadic interactions involving what Carpenter and Call (2013)
refer to as joint joint attention in which the toddler is engaged with an
object and with her/his caregiver while simultaneously the caregiver is
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engaged with the toddler and the object, and each is aware of, and
engaged in, the other’s attention. However, “there is so far little if any
convincing evidence that chimpanzees ... engage in truly joint joint
attention” (Carpenter and Call, 2013: 51).

Overall, the pattern is clear. The first occurrence of a cognitively
based behavior occurs at a later age in Pan “toddlers” and development
beyond first occurrence is more rapid in human toddlers than in Pan
“toddlers.” For some behaviors, such as 3rd order classifications or
triadic interactions, the behaviors either do not occur in Pan, or only
occur sporadically at best. Given the association between WM devel-
opment and development of prefrontal cortex, and the association of
cognitive performance with development of prefrontal cortex, it follows
that WM development in Pan is limited in comparison to WM develop-
ment in humans. The pattern for the occurrence of behaviors that relate
to cognitive abilities parallels the pattern for the development of the
prefrontal cortex in humans in comparison to Pan. Given the correlation
between the development of the prefrontal cortex and the development
of WM in humans, it follows that the pattern for the appearance and rate
of growth in cognitive abilities in human toddlers is paralleled by
equivalent growth in WM capacity. By the same token, the growth in
WM capacity for Pan “toddlers” must be slower than it is for human
toddlers. When we map the data shown in Fig. 5 onto the regression line
for increase in the size of HWM with age in Homo sapiens (see Fig. 6), and
we assume that the same cognitive performance requires the same size
of HWM in Pan as it does in Homo sapiens, then the size of HWM for Pan
by age 7 — that is, by the time of Pan reaching puberty —is 2 + 1 (using a
characterization of HWM for Pan that parallels Miller’s characterization
for human HWM), far below Miller’s 7 + 2 value for the size of HWM in
adult humans.

6. Experimental data relating to holding working memory
capacity in simiiform primates

6.1. Chimpanzee nut cracking performance

Perhaps the strongest natural experimental evidence for the small
size of the effective working memory for chimpanzees is the inability of
25 % of the chimpanzees at Bossou to perform a three-part sequence
required for cracking nuts, despite watching, day-in and day-out, other
chimpanzees do the task successfully (see Matsuzawa, 1994 and other
references in Read, 2008). The task requires selecting a stone anvil,
putting a nut on the anvil, then hitting the nut on the anvil with a stone
used like a hammer. We can characterize the sequence by (anvil, nut,
hammer). It is reported that 25 % of the chimpanzees never learn to do
this sequence. They either do (anvil, nut) and hit the nut on the anvil
with a fist, meaning that they just conceptualize the (anvil, nut) part of
the sequence, or put the nut on the ground and hit the nut with a stone,
meaning that they conceptualize just the (nut, hammer) part of the
sequence. In other words, though these chimpanzees understand and
desire the nut meat, and even though they see other chimpanzees do the
sequence (anvil, nut, hammer), they cannot replicate the sequence
despite extensive trials and repeated observations of other chimpanzees
doing this sequence.

Similarly, in a group of 16 chimpanzees (Pan troglodytes) released on
an island off the coast of Liberia, 13 of the chimpanzees learned to crack
nuts and 3 did not (Hannah and McGrew, 1987). In a different experi-
ment (Marshall-Pescini and Whiten, 2008), 4 out of 12 chimpanzees
failed to learn to crack nuts. For these two experiments, altogether 7 out
of 28, or 25 %, failed to learn to crack nuts, matching the failure rate
observed at Bossou. In yet another experiment, 13 chimpanzees in a zoo
enclosure were provided with the materials needed to crack nuts (nuts,
wood hammer and wood anvil) and went through a sequence of learning
trials aimed at determining the order in which chimpanzees learned the
steps required to crack nuts (Neadle et al., 2020), but none of the
chimpanzees learned to crack nuts. The authors attributed the failure to
learn to crack nuts to “a certain level of developmental prowess [is]
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required to express nut-cracking ... between maturation effects of the
body and the brain” (p. 20), but the chimpanzees were already older
adults and so beyond a critical, age-based learning “window” (Inoue--
Nakamura and Matsuzawa, 1997).

Carruthers (2013) dismisses the data from Bossou by claiming, but
without providing evidence, that it is due to chimpanzee "lack of un-
derstanding of physical forces and their effects” (p. 10373). However, at
Tai National Park in Cote D’Ivoire, where exposed, tree roots are used as
anvils instead of loose stones, all chimpanzees learn to crack nuts
(Boesch and Boesch, 1983), hence, according to Carruthers’ claim, all
these chimpanzees must have learned the “physical forces and their
effects” but somehow this is not the case for the chimpanzees at Bossou
or in the experiments with chimpanzees learning to crack nuts. The
matter, though, is much simpler than whether all chimpanzees develop
mental physics models in one region but not in another. Enacting the
sequence (anvil, nut, hammer) does not require a mental physics model
on the part of a chimpanzee, but just that HWM becomes populated by
the objects manipulated by other chimpanzees to crack nuts and then
imitating their actions. The simplest explanation for the 25 % that fail to
crack nuts is that they have HWM = 2 and cannot hold simultaneously in
HWM the full sequence (anvil, nut, hammer) (see discussion and refer-
ences in Read, 2008), whereas at Tai National Park the exposed roots are
permanent fixtures in the landscape, and so, following the argument of
Woodman et al. (2007) that visually constant objects need not be initi-
ated into WM in order to be active in visual memory, the tree roots need
not be initiated into WM to carry out the nut cracking task. Hence for
this group of chimpanzees, HWM = 2 suffices to crack nuts, thus all
chimpanzees at Tai National Park can crack nuts.

6.2. Limited visuospace working memory in simiiform primates

Especially enlightening regarding the size of holding working
memory (HWM) is a comparison of the Visuospace working memory in
humans, chimpanzees, orangutans, and Rhesus monkeys required to
match from 2 to 6 pairs of images hidden on several cards lying face-
down (Washburn et al., 2007). Only the backs of the cards were dis-
played on a screen and the subject had to manipulate a joystick to move
a cursor over a card so that its hidden image then appeared briefly.
While it was still visible the image had to be consigned to working
memory in order that it could be matched with its hidden, paired card
image that might be uncovered subsequently. The hypothesis being
tested is that the larger the number of different images, one from each
pair of images, held in working memory while waiting for a matching
one to appear, the greater should be the load imposed on working
memory. The comparison procedure used clip art images, dot images,
and lexigrams used in language training of chimpanzees. Performance
varied according to the kind of image. Abstract dot images were found to

14.00

12.00

10.00

8.00

Mean Number of Errors

Number of Pairs

Fig. 7. Relationship between number of pairs of dot images and mean number
of errors for Pan (dotted line) and Homo sapiens (dashed line). Mean number of
errors for random choices shown by a solid line. Data for Pan and Homo sapiens
(solid discs) from Washburn et al. (2007).
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be least affected by prior experience with kinds of images. As shown in
Fig. 7, while chimpanzees performed slightly better than at a chance
with 2 or 3 pairs of images, their performance decreased to a chance
level with 4 pairs of images. In contrast, humans perform increasingly
better than chance with increase in the number of images. These data
indicate that Pan has a much-reduced HWM size in comparison to
humans.

6.3. Innovation and working memory comparison between pre-pubescent
Pan and human children

The floating peanut test (Mendes et al., 2007; Hanus et al., 2011)
requires innovation on the part of the subject for its solution, whether
the subject is a human child or a pre-pubescent chimpanzee. The goal of
the test is to retrieve a peanut from a transparent tube too narrow for
manual extraction. The tube cannot be manipulated and the only way
the peanut can be retrieved is by the participant realizing that if enough
water is put into the tube, the peanut will float to the top and can be
retrieved. The experiment was done under two conditions: wet —the
peanut is initially floating on water partially filling the tube — and dry —
the peanut is initially at the bottom of a dry tube.

The task, however, does not directly involve working memory.
Instead, a successful solution by chimpanzees has been interpreted as
showing a high level of mental performance on their part, even greater
than humans (see Hunt, 2020). This interpretation indirectly implies a
working memory size comparable to that of humans due to the corre-
lation between IQ and the size of working memory. However, review of
the data from this experiment does not support this interpretation.

The experiment was performed with n = 44 chimpanzees from both
the Leipzig Zoo and the Ngamba Island Chimpanzee Sanctuary (Hanus
et al., 2011). None of the n = 23 chimpanzees that did the experiment
under the dry condition succeeded in retrieving the peanut. Of the n =
21 chimpanzees that did the experiment under the wet condition, n =5
(p = 0.24) succeeded in retrieving the peanut by spitting water into the
tube. The successful chimpanzees each got a mouthful of water from a
water dispenser and then spat the water into the tube, repeating this
process until the peanut floated to the top.

When the experiment was done with children (4, 6 or 8 years old)
with n =72 and divided equally among the three age groups and the two
conditions for the experiment, water can be poured into the tube from a
pitcher. The success rate of 4-year-olds was p = 0.17 for the wet con-
dition and p = 0.00 for the dry condition, which is comparable to the
performance of the pre-pubescent chimpanzees. Successful performance
by children increased with age. The success rate of 6-year-old children
was p = 0.50 for the wet condition — twice the success rate of the
chimpanzees for the wet condition — and p = 0.33 for the dry condition.

proportion correct

age

Fig. 8. Comparison of the performance of children (= ), ages 4, 6 and 8, with
that of chimpanzees (= #) in the floating peanut experiment. Linear fit to
children’s data is pc = 0.1458ageycars — 0.4208 (R?=0.99, p = 0.052). Data are
from Hanus et al. (2011).
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The success rate for the 8-year-olds was p = 0.75 for the wet condition —
triple that of chimpanzees — and p = 0.42 for the dry condition (Hanus
et al., 2011).

These results indicate that the chimpanzees performed between the
level of 4-year-old and 5-year-old children (see Fig. 8), hence they imply
that the mean size of HWM for the Pan cohort is between 2.1 and 2.7 (see
Fig. 1B), which is consistent with HWM = 2 + 1 for chimpanzees and
well below HWM = 7 + 2 for humans.

6.4. Advanced planning and size of holding working memory

In another experiment (Mulcahy et al., 2005), the subject had to
choose between a short and a long stick-like tool to reach an otherwise
out-of-reach grape reward. The conditions for the experiment varied
from: the grape distance and the length of both tools are all simulta-
neously visible before a tool is selected by the subject, to: the grape and
the two tools are each presented sequentially and each tool is hidden by
a box after being presented so that the subject needs to keep in mind the
distance of the grape and the length of each of the two tools in order to
choose a tool that can retrieve the grape. (When the tools are hidden by a
box, the subject selects a tool by pointing to a box and the experimenter
removes the box to give the subject access to the tool.) In some of the
experimental conditions both tools were suitable for retrieving the grape
and in other conditions only the longer tool could be used to retrieve the
grape. Under the simplest condition, with grape distance and both tools
visible and both tools long enough to retrieve the grape, the subjects
selected a tool randomly. When only the longer tool could be used to
retrieve the grape, the longer tool was chosen preferentially. Under the
more difficult sequential condition of the grape location being shown
first and then both tools are shown simultaneously, the results were
similar: the longer tool was selected preferentially when only the longer
tool could be used to reach the grape. Otherwise, the choice of a tool was
random. Finally, and critically, when the grape location and tools were
each shown sequentially and each tool hidden by a box immediately
after being shown, the longer tool was selected preferentially even when
the shorter tool could be used to reach the grape.

Next, we want to determine what this experiment shows regarding
the size of HWM. First, the preferential choice by a subject of the longer
of the two tools presented to the subject is not accounted for by a
strategy that makes minimal use of working memory resources. For
example, a simple strategy like “When uncertain, only select the abso-
lutely longest tool; otherwise, do not select a tool” does not account for
their preferential behavior for the following reason. Assuming the sub-
jects are familiar with the tools and know in advance which tool is the
longest, and though this strategy makes little use of WM resources, it
does not account for their preferential choice of the longer of two tools
that are presented since the experiment involves three different tool
lengths and the medium length tool is paired with the shortest tool in
one half of the trials and with the longest tool in the other half of the
trials. Consequently, by only selecting the absolutely longest tool, the
subject would fail to select a tool half the time and would always select
the longest tool half the time, whereas the subjects actually selected the
medium length tool half the time and the longest tool the other half of
the time. Their actual behavior meant that when the tools were pre-
sented sequentially (and each was hidden by a box after being pre-
sented), then to pick the longer of the two tools that were presented the
subject “had to encode and remember the length of two tools separately
(because no direct comparison was possible) and then mentally compare
them in order to select the longest [sic.] one” (p. 31).

Next, to determine whether these results could be due simply to the
subject not coding, for some reason, the distance to the grape when the
grape and the tools are presented sequentially, another experimental
condition involved sequentially first seeing the grape location and then
just one tool. When only the shorter of two tools was presented, and if it
was too short to reach the grape, the subject refused to select the shorter
tool. Thus, the subject knew that it was not long enough to reach the
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grape, meaning that the subject had encoded the grape distance in WM.
Therefore, in the sequential trials three items had to be encoded in WM —
the distance of the grape and the length of the two tools - if the behavior
were to match the subject’s behavior when the grape and the two tools
were presented simultaneously to the subject and so no information had
to be encoded in WM. Hence, the subject’s divergent performance
(preferring the longer tool regardless of the distance to the grape) in the
sequential trials in comparison to being presented with the grape and the
two tools simultaneously, indicates that the subject could not be keeping
in mind all three of the distance to the grape and the length of each of the
two tools. If the latter were the case, then the behavior with sequential
trials would be same as the behavior with the grape and the two tools
presented simultaneously. Instead, in the sequential trials the subjects
appear to end up not remembering the distance to the grape and so, with
uncertainty about the distance to the grape, preferentially selects the
longer of the two tools even when the shorter tool can reach the grape.
This indicates that the size of working-memory capacity is limited to two
chunks of information. Hence, encoding the respective lengths of two
tools in HWM requires deleting the grape distance from HWM and the
subject has reverted to the strategy of simply selecting the longer tool
when the distance to the grape is not known or is not remembered.

While this experiment involved orangutans and gorillas but not
chimpanzees, the researchers found that there was no species difference
in performance. Unless chimpanzees outperform the other great apes,
the same results would be found for chimpanzees and the size of HWM
would be 2 for Pan.

6.5. Digit recall and size of working memory

An experiment conducted by Matsuzawa and colleagues (Matsuzawa
et al., 2006), and with chimpanzee subjects already trained to recognize
the ordinal sequence among single digit numbers, involved the display
of 5 randomly selected single digit numbers on a computer screen. The
subject chimpanzee touches the smallest of the numbers, and the other
numbers are then masked by white rectangles. The chimpanzee now
must touch the rectangles in the ordinal sequence of the hidden
numbers. Since the first of the five numbers is touched while visible and
since the last number is a forced choice, if there are n numbers then only
the location of n - 2 numbers must be recalled from memory to correctly
identify the numbers in their ordinal sequence. The female chimpanzee
Ai correctly identified the ordinal sequence 65 % of the time withn =5
numbers and k = 20 trials (Kawai and Matsuzawa, 2000) which, at best,
is equivalent to being correct 100 % of the time on the second and third
numbers, then making a random guess for the third number 70 % of the
time and remembering the location of the fourth number 30 % of the
time. Statistically, her performance is consistent with the null hypothesis
Hop: p = 0.5 since B(k > 13 successes, n = 20 trials, p = 0.5) = 0.128,
where B(k, n, p) is the binary distribution for k successes in n trials with
probability p of a success, and so the null hypothesis is not rejected at the
alpha > 0.10 significance level. Thus, her performance implies her size
of HWM = 2. Kawai and Matsuzawa, however, erroneously assert she
has size of HWM = 5 since there are 5 masked numbers. They do not
consider that the first number is not recalled from memory and the fifth
one is a forced choice. Two other chimpanzees are correct 67 % and 62
% of the time, respectively with n = 4 numbers (Inoue and Matsuzawa,
2007), hence perform less well than Ai and so their HWM size is at most
2. These data do not support the claim that the size of chimpanzee HWM
is comparable to that of humans.

In another experiment carried out by Matsuzawa and a colleague
(Inoue and Matsuzawa, 2007), up to 9 single digit numbers are
randomly flashed on a computer screen for either 650, 430 or 210 ms,
with the last below the time necessary for humans to switch from central
to peripheral focus (Bartz, 1962). At this shortest interval, one chim-
panzee, Ayumu, after extensive training, can point correctly to the
ordinal order for eight single digit number locations on the screen with
80 % accuracy (Matsuzawa, 2009), but loses this capability when the
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digits were flashed for 650 ms. This suggests that WM is not involved in
Ayumu’s performance, and the researchers attribute the performance of
Ayumu to the long disputed (Gray and Gummerman, 1975) “eidetic
imagery” (Jaensch, 1930) or to some form of camera-like memory
(Matsuzawa, 2013: 444). Whether eidetic or camera-like, this is not
working memory. Nonetheless, Matsuzawa incorrectly refers to the
performance of Ayumu as exhibiting a HWM size exceeding that of
humans and that the performance of Ayumu is not matched by humans
(Matsuzawa, 2013). However, according to a meta-analysis of > 90 sets
of data taken from delayed match-to-sample studies covering 25 species
from bees to birds and mammals, including primates (Lind et al., 2015),
recall performance without delay following a stimulus varies little
among species due to a ceiling effect of almost perfect performance by
each species. It is therefore more informative to test different delay in-
tervals when comparing WM across different species. Inoue and Mat-
suzawa only controlled for the exposure time to the numbers to be
encoded, rather than the delay between masking and recall. Even so, the
claim that the performance of Ayumu is not matched by humans is not
correct.

Claims like this deriving from this experiment have been extensively
repeated in the comparative psychology and human evolution literature
(Balter, 2010). The claim that the performance by Ayumu cannot be
matched by humans has been countered by experimental evidence. Cook
and Wilson (2010; see also Silberberg and Kearns, 2009) have shown
that humans who have followed the same training protocol as did
Ayumu perform correctly 90 % of the time, which is statistically greater
than the 80 % correct performance of Ayumu. Similarly, Potter (2012)
has shown that humans can distinguish a particular photograph image
from a sequence of 12 photographs even when each photo is visible for
only 1 ms. Potter and colleagues account for this ability by referring to
what they call conceptual working memory, which is distinct from
working memory as defined by Baddeley (Potter et al., 2004). It should
also be mentioned that the effectiveness of the experiment has also been
called into question (Cook and Wilson, 2010) due to the way the
numbers were masked, which may not have controlled for iconic
memory and retinal after-images (Humphrey, 2012).

Altogether, there is neither any evidence showing that Ayumu’s
performance is a measure of the size of HWM nor that Ayumu has
working memory capacities not matched or exceeded by humans. For
this reason, we find it puzzling that Ayumu’s achievement is held out as
providing strong support for general claims about differences in
working-memory capacity between chimpanzees and humans.

6.6. Chimpanzee working memory capacity is comparable to 3.5-year-old
children

6.6.1. Experimental data do not support claim for remarkable human-like
working memory updating abilities

A recent experiment conducted by Volter and colleagues (Volter
et al., 2019) has been widely quoted in the popular media due to its
claim that “the current study provides evidence for remarkable WM
updating abilities in chimpanzees” (p. 8). Each trial of the experiment
involves from 2 to 6 closed boxes that are presented on a platform to a
subject chimpanzee. All the boxes are baited initially and the goal for the
subject chimpanzee is to open them, one at a time, to retrieve the bait
from the box as a reward, but without re-opening a previously opened,
hence now empty, box. The measure of interest is the maximum number
of boxes selected in a trial before selecting a box without bait. There are
three different conditions for the boxes in the experiment: (1) all boxes
have different features and are shuffled after each choice so that their
exterior appearance provides the key to avoid re-visiting a box (Feature
Only condition); (2) all boxes are identical and they are not shuffled
after each choice, so the position is informative as to a previously visited
box (Space Only condition); and (3) a subject can rely on both the fea-
tures of the boxes and their relative position to avoid revisiting an empty
box (Feature + Space condition). The experiment begins for a subject
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with a trial having 2 boxes. On each trial, the subject makes as many
choices as there are boxes in that trial. A trial is non-redundant if the
subject opens all of the boxes in that trial without opening an empty box.
If a subject succeeds in doing several consecutive trials without redun-
dancy (5 for 2 boxes, 3 for 3 boxes, 2 for 4, 5 or 6 boxes), another box is
added, the boxes are baited, and the experiment continues with that
subject.

For the purposes of comparing the performance of chimpanzees with
humans, the measure of interest is the number of boxes selected in a trial
before selecting a box without a reward. Chimpanzee performance was
compared to human performance for the same experiment, using the
same test protocol, carried out by Diamond and colleagues (Diamond
et al., 1997) with children aged 3.5-7.0.*

Volter et al. (2019) compared only the chimpanzees who reached the
6-box level to the performance of children since the Diamond et al.
project always used 6 boxes in a trial. For the Feature Only condition,
the single chimpanzee that reached the 6-box level selected an average
of 5.67 boxes with rewards before making a mistake. For the Feature +
Space condition, the 6 chimpanzees that reached the 6-box level selected
5.62 boxes on average before making a mistake. Volter et al. observe
that in the Diamond et al. study, 7-year-old children selected an average
of 4.0 boxes in the Feature Only condition before making a mistake
versus 5.67 for the single chimpanzee that reached the 6-box level in the
Feature Only condition. For the Feature + Space condition, 7-year-old
children selected 5.3 boxes on average before making a mistake versus
an average of 5.62 boxes for the six chimpanzees that reached the 6-box
level. Based on this comparison, they concluded that “the current study
provides evidence for remarkable WM updating abilities in chimpan-
... Chimpanzees exhibited performance levels comparable with
human school-age children in similar self-ordered-search tasks” (p. 8).
However, we find that the data do not support their conclusion.

zZees.

6.6.2. Volter et al. interpretation of experimental data is invalid for two
reasons

We will now show that their claim is problematic for two main
reasons: (1) Diamond et al. used means computed over a random sample
of children whereas Volter et al. compared the highest performing
chimpanzees to the mean performance of all children and (2) the Dia-
mond et al. data do not support the Volter et al. claim that the chim-
panzee performance is comparable to the performance of 7-year-old
children. We conclude, instead, that the chimpanzee experimental per-
formance does not support Volter et al.’s claim of the chimpanzee HWM
capacity being comparable to that of humans.

6.6.2.1. Problem 1: highest performers from Pan compared to a random
sample of children. The performance by the chimpanzees is shown in
Table 2 for each of the three experiment conditions. Volter and col-
leagues restrict their comparison of Pan to Homo to the highest per-
forming chimpanzees, namely the chimpanzees that succeeded in
reaching trials with 6 boxes. For the Feature only condition, only the
chimpanzee Kofi reached this level, but he is an outlier both for Score
and # of Boxes. However, it is the mean performance of the chimpanzees
and not the performance of an outlier chimpanzee that needs to be
compared to the mean performance by the children, so for this reason
the comparison with Kofi is not valid and Kofi will be deleted from the
statistical analysis discussed here.

Rather than compare the highest performing chimpanzees to the
mean performance of a random sample of children, the comparison

4 One of the anonymous reviewers commented that, though it is not
mentioned in the Volter et al. article, Volter and colleagues rescaled the mea-
sure used by Diamond and colleagues so it would match their measure. Whereas
Volter and colleagues counted the number of boxes selected before opening an
empty box, Diamond and colleagues included the empty box in their count. For
this reason, we have reduced the means for the Diamond et al. counts by 1 unit.
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Table 2
Chimpanzee Performance Scores.
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Feature Only

Space Only?

Feature + Space

Chimpanzee Score® # of Boxes n Score® # of Boxes n Score® # of Boxes n
Dorien 1.67 2 24 3.33 5 12 4.30 5 10
Fraukje 2.20 5 10 2.31 3 16 5.57 6! 7
Frodo 2.19 3 16 3.40 5 10 2.80 5 10
Kofi® 5.67 6 6 4.12 6 8 5.67 6! 6
Lobo 1.89 3 9 2.50 3 16 6.00 6! 2
Lome 2.67 4 12 3.80 5 10 5.75 6! 4
Riet 1.50 2 24 5.12 6 8 4.62 6! 8
Robert 1.54 2 24 2.25 3 16 2.67 4 12
Sandra 3.50 5 10 3.80 5 10 5.75% 6' 4
Mean* 3.36° 4.43° 5.50%
Notes:

1. For the Feature + Space data, Volter et al. (2019) state that only 5 chimpanzees reached the 6-box level, but the Supplementary Material show that 6 chimpanzees

reached the 6-box level.

2. Volter et al. (2019) do not compare the chimpanzees to the children for the Space data since comparable data are not reported in Diamond et al. (1997).
3. When # of Boxes < 6, Score is extrapolated linearly to 6 boxes for computing the mean score by the equation, Scoreextrapolated = Scoremeasured + b x (6 - # of
Boxes), where b is the slope for the linear regression of Score on Age, b = 0.44 for Feature Only, b = 0.71 for Space Only, and b = 1.59 for Feature + Space (see Fig. 10).

4. Means based on extrapolated Score value.

5. Kofi is an outlier for the Feature Only condition. His score is not included in statistical calculations for the Feature Only condition.

Data are from Volter et al. (2019: Supplementary Material).

should be between the mean Score for the complete sample of chim-
panzees (excluding Kofi in the Feature Only condition) and the mean
Score by Age for the children in the Diamond et al. data set. Since the
Diamond et al. data are based on trials with 6 boxes regardless of the
performance level of the children and there are no chimpanzees other
than Kofi that reached the 6-box level in the Feature Only condition, it is
necessary to extrapolate the Score values to 6 boxes in the Feature Only
condition. The extrapolation will also be applied to the Score values for
the other two conditions to maximize the sample size.

The rationale for the extrapolation stems from the fact that when the
number n of boxes in a trial is increased to n + 1, the probability px of
selecting an empty box on the kth box choice, k > 1, decreases, all other
things being equal. For example, if for each choice of boxes, a box is
selected randomly from the set of n boxes in a trial, then pp = 1/3 when k
= 2 and n = 3, but p, = % when the number of boxes in a trial is
increased to n = 4 boxes. (If the strategy for selecting boxes changes,
then these probabilities will also change.) Thus, the Score for a

chimpanzee will be greater on average for its kth choice when there are
more boxes in a trial than when there are fewer boxes. To compare the
mean performance of chimpanzees on trials with different numbers of
boxes to the mean performance of the children by age, all of whom had 6
boxes in each trial, the effect of the number of boxes in a trial on the
performance of chimpanzees should be corrected for directly, but this
would require knowing the strategy with which each chimpanzees
selected boxes when doing the experiment. Instead, we can extrapolate
from the Score and number of boxes in a chimpanzee trial to a predicted
score for that chimpanzee if that chimpanzee were selecting boxes in a
trial with 6 boxes by fitting a regression line to the scattergram plot of
Score versus # of Boxes and then predicting the Score for 6 boxes from
the regression line. This will be an overprediction since the experiment
increases the number of boxes in a trial when a chimpanzee does the
experiment successfully using the current number of boxes in a trial.
Thus, the chimpanzees with more boxes in a trial may also be the better
performing chimpanzees and so the regression line measures both the

Fig. 9. Graphs showing the increase in Score
67 6T values with # of Boxes in a trial for the Feature
5 1 swesossparsows)ront 5 4 . Only condition (upper left), Space Only condi-
g ] resstem o -0 p-osm 2l tion (upper right) and Feature + Space condi-
o . o tions (lower center). In all three conditions, the
(%3 T D § 3 T increase is linear; The upper two regression
2 + 3 ° 2 + Score =0.71 x (# of Boxes) + 0.15 lines satisfy the goodness-of-fit criterion of
R =088 normally distributed residuals. The lower
14 1+ Residual Normality (Shapiro-Wilk . . . .
W=0.51,p=030 regression line has residuals with a long-left
0 t t 1 t i o t t t i tail; hence the residuals are not normally
1 2 3 4 5 6 1 2 3 4 5 6 distributed, but it may be seen visually that the
# of Boxes # of Boxes linear regression line fits the sample data. The
increasing regression line slopes from upper left
to lower center reflect increase in performance
e T level by the chimpanzees across the three
s 1+ conditions.
Score = 1.59 x (# of Boxes) - 4.06
4 + R =0.80
® Residual (Shapiro-Wilk
S3 1 W=075p=0006)
3
> L
1 4
[e] + + + +
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effect of the number of boxes in a trial on a chimpanzee’s Score and the
fact that some chimpanzees may perform better on this experiment than
do other chimpanzees.

The regression lines used for the extrapolations are shown in Fig. 9.
The extrapolations are executed as follows. Consider the Feature Only
condition. The slope b = 0.44 for the linear regression indicates that
Score increases by 0.44 units for each box added to a trial. Consequently,
the Score value extrapolated to 6 boxes will be: Scoreextrapolated =
Scoremeasured + 0.44 x (6 - # of Boxes),

6.6.2.2. Problem 2: diamond et al. data do not support equating chim-
panzees with 7-year-old children. To compare the Pan data with the
Diamond et al. data, we first graph the age versus mean performance
scores for the children for both the Feature Only and the Feature + Space
versions of the experiment conducted by Diamond and colleagues and
then compare: (1) the mean extrapolated Feature Only score of 3.36 for
the chimpanzees from Table 2 to the Feature Only age trend for children
and (2) the mean extrapolated Feature + Space score of 5.50 to the
Feature + Space age trend for children (see Fig. 10). For the Feature
Only condition, the mean performance of children decreases from 3.5 to
5 years of age and then increases from 5 to 7 years of age (see Fig. 10
[left]). The scores from the Feature + Space experiment only increase
with children in the age range from 3.5 to 5 years. The trend for scores
from 5 to 7 years of age is flat (see Fig. 10 [right]).

For the Feature Only condition, only the chimpanzee Kofi reached
the 6-box level and so he is the only chimpanzee compared to the per-
formance of the children in the Feature Only condition. While his score
of 5.67 is comparable to the performance level of 7-year-old children in
the Feature Only condition, it is also comparable with the scores for
children from 5- to 7-years in age (see Fig. 10, right graph). Even more,
as noted above, Kofi is an outlier and so his score is not representative of
chimpanzee performance in the Feature Only condition. Thus, his score
of 5.67 does not show concordance of chimpanzee performance with the
performance of 7-year-old children as claimed by Volter et al. Instead, it
is the chimpanzee mean score of 3.36 based on Score values extrapolated
to 6 boxes that should be compared with the trend for the children.

This mean score intersects the pattern for the children means at 3.9
years of age (see dashed lines in Fig. 10 [left]) and is consistent with the
trend for the children means from 3.5 to 5 years of age (see Fig. 10
[left]). Hence the chimpanzee average scores are consistent with 3.9-
year-old children. From Fig. 1B, these data imply HWM = 2.1.

For the Feature + Space condition, while the mean performance of
the chimpanzees (whether the mean of 5.62 for the 6 chimpanzees with
# of Boxes = 6 or the mean score of 5.50 for the extrapolated score) is
consistent with the performance of the 7-year-old children, the perfor-
mance of the children remains constant from age 5 to 7, as noted above.
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Volter et al., do not justify using the right extreme of this range of
possible values to characterize the chimpanzees. That the Feature Only
data consistently match the chimpanzees with 3.9-year-old children
implies the mean of 5.50 for the Feature + Space scores should be
matched, at most, with 5-year-old children. This datum implies HWM =
2.7 (see Fig. 1B).

The range from 2.1 to 2.7 for the size of HWM derived from com-
parison of chimpanzee performance with the performance level of the
children doing the same experiment implies the holding capacity of
chimpanzee WM is 2 + 1. We conclude, then, that these data neither
support the claim by Volter and colleagues that the HWM of chimpan-
zees is comparable to that of 7-year-old children nor that the chim-
panzees have “remarkable WM abilities.” Altogether, the Volter et al.
data, the Inoue and Matsuzawa data, and the Kawai and Matsuzawa data
all support a characterization of chimpanzee HWM as being 2 + 1.

6.6.2.3. Data from chimpanzee experiment are consistent with WM = 2 +
1 in Pan. We begin this section by noting that the chimpanzees per-
formed better in the space condition than the feature condition. Firstly,
the mean performance scores (see Table 2) increase from mean = 3.36
for feature-only condition to mean = 4.43 for the space-only condition to
mean = 5.50 for the feature + space condition. Secondly, it is not just
that chimpanzees perform better in the space-only condition as a group
(i.e., on average), but do so individually as well. In fact, 8 of 9 chim-
panzees performed better in the space-only condition than in the
feature-only condition. And thirdly, for the feature-only condition, the
average highest box level achieved is 3.6 boxes, whereas for the space-
only condition the average highest box level achieved is 4.6 boxes.
These results stem, we suggest, from the strategies subjects employed
to solve the space-only condition. Table 3 presents a detailed account of
the subjects’ performance in the space-only condition and shows that
irrespective of whether there are 3, 4, 5 or 6 boxes, most of the choices
on the first two trials are the two end boxes. On the first trial there are
114 end box choices versus 33 middle box choices and on the second
trial there are 112 end box choices versus 35 middle box choices, with a
subject’s first choice being typically the rightmost box (94 right choices
versus 20 left choices) while the second choice is usually the leftmost
box (33 right choices versus 79 left choices). These data show that the
chimpanzees seem to rely on a simple rule for their first two choices:
choose the rightmost box in the initial trial and the leftmost box in the
next trial. Since what is rightmost or leftmost stays the same from one
trial to the next throughout the experimental session, we hypothesize
that this is less demanding of working memory than what is required for
the feature-only condition since WM would not need to be brought into
play for the first two trials in the space-only condition when using this
hypothesized rule. Support for this hypothesis can be found in studies
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Table 3
1% and 2™ Choice of Boxes in Hidden Food Box Experiment.
3 boxes 4 boxes
1% Choice 2™ Choice 1% Choice 2" Choice
left right center left right center left right center left right center
1 14 1 15 1 0 0 2 0 0 0 2
4 8 4 8 6 2 0 2 0 2 0 0
2 3 0 2 1 2 0 3 3 3 1 2
0 1 2 0 2 1 0 2 0 0 0 2
3 11 2 8 6 2
2 4 0 4 2 0
1 2 0 1 1 1
0 4 0 3 0 1
0 5 3 5 2 1
Total 13 52 12 46 21 10 0 9 3 5 1 6
Either end: 65 12 Either end: 67 10 Either end: 9 3 Either end: 6 6
Expected 51.3 25.7 51.3 25.7 6.0 6.0 6.0 6.0
X% =10.96, p < 0.0001 X% =14.40, p < 0.0004 X2 =3.00,p < 0.10 X?=0.00,p < 1.0
5 boxes 6 boxes
1% Choice 2" Choice 1% Choice 2™ Choice
left right center left right center left right center left right center
3 5 4 5 3 4 0 7 1 2 0 6
0 5 1 0 0 6 0 8 8 0 0
1 8 0 7 1 1
3 3 4 6 1 3
0 3 7 1 6 3
1 7 2 4 2 4
Total 8 31 18 23 13 21 0 15 1 10 0 6
Either end: 39 18 Either end: 36 21 Either end: 15 1 Either end: 10 6
Expected 22.8 34.2 22.8 34.2 5.3 10.7 5.3 10.7

X% =18.81, p < 0.0000 X% =9.4,p < 0.003

X% = 26.54, p < 0.0000 X% =6.23,p < 0.05

Note: Center refers to all boxes between the two end boxes.

that employed a change detection task to investigate working memory
and discovered that when target templates do not change across trials,
the demand on working memory is low because the template is stored in
long-term memory (Woodman et al., 2007). It follows that the
space-only condition would only partially test spatial memory defined as
the capacity to locate and keep in memory objects in 3-dimensional
space if the first two trials are guided by the hypothesized simple, uni-
dimensional mechanical rule rather than by remembering spatial loca-
tions in 3-space.

This raises the question, though: When there are three boxes, do the
chimpanzees preferentially select the middle box, the only one that will
have food after selecting the two endpoints, as their third choice? The
answer is no. Of the n = 57 times when there are three boxes and the two
end points are selected in the first two trials, then on the third trial an
end box is selected 0. = 34 times and a middle box is selected o, = 23
times. For the null hypothesis that the third choice is random, the ex-
pected number of end boxes selected on the third trial is e. = 38.0 and
the expected number of middle boxes selected on the third trial is em =
19.0. A chi-square test of the null hypothesis yields X2 = 1.69, df = 1,
and p > 0.15, hence the null hypothesis fails to be rejected. This suggests
that the first two choices do not involve working memory, so are not
loaded into working memory, thus the choice of the end boxes in trials 1
and 2 would not affect the third choice, hence the third choice should be
random, as is shown by the data. Given this, WM would be initiated with
the 3" and 4™ trials and so if WM capacity = 2, the 5™ trial should not
repeat the 4™ trial. This is the case. The 5% trial is the same as the 40
trial only 7 times out of 76 instances. Next, if the 5% trial is then loaded
into WM, the same pattern should hold when there are 6 boxes, namely
the 6™ trial should not repeat the 5% trial. However, with 6 boxes, the 6™
trial is the same as the 5 trial 6 time out of 16. A chi-square test for
comparing the ratio of 7/76 versus 6,/16 yields X? = 8.55, df = 1, and p
< 0.005, hence the null hypothesis that the two ratios relate to the
previous trial in the same way may be rejected. This indicates that the
5th trial is not, or cannot be, loaded into WM, which is also consistent
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with the argument that the WM capacity = 2 £ 1 in the chimpanzees.

Next, we compare their performance in the space-only condition
with the feature-only condition. Though the feature-only condition in-
cludes randomization of the boxes after each trial, the Supplementary
Data in Volter et al. (2019) includes both the space and the feature
values for the box choice made on each trial. On the first trial and when
there are three boxes, the leftmost box is selected n; = 11 times, the
rightmost box is selected n, = 37 times, and the middle box is selected ny,
= 12 times. When compared with the first trial data for the space-only
condition from Table 3, X% = 0.60, df = 2, and p > 0.70, showing that
the chimpanzees are using identical strategies for the first trial in both
the space-only and the feature-only conditions. For the 2nd trial, the
leftmost box is selected n) = 24 times, the rightmost n, = 19 times and
the middle box ny, = 17 times. When compared with the second trial
data for the space-only condition from Table 3, X’ 2 =7.54,df = 2, and D
< 0.05, showing that the performance on the 2™ trial in the feature-only
condition is a modified form of the performance on the 2" trial in the
space-only condition with the leftmost box selected less often than ex-
pected based on their performance on the 2™ trial in the space-only
condition. This reduction is not surprising since the chimpanzees are
presumably keeping track of the feature of the box that was selected in
the first trial and the box with that feature may, by chance, be in the
leftmost position for the 2™ trial and so avoided as a choice on the 2™
trial.

When there are 5 boxes in the feature-only condition, and if WM
capacity = 2 + 1, then the performance on the 4% trial will not have
been uploaded to WM and so comparison of the 5% trial to the 4™ trial in
the feature-only condition should be comparable to comparison of the
6™ trial to the 5™ trial in the space-only condition since, as discussed
above, the 5th trial in the space-only condition would not be loaded into
WM when WM capacity = 2 + 1. In the feature-only condition and with
5 boxes, the trait choice on the 5% trial is the same as the trait choice on
the 4™ trial on 8 out of 27 instances. When compared with 6 out of 16
instances having the same space choice on the 6™ trial as on the 5% trial
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in the space-only condition, X 2-0.29,df =1, and p > 0.55, hence the
two ratios are statistically the same, thus showing that in the feature-
only condition the 4™ trial has not been initialized in WM, hence
these results are consistent with WM capacity = 2 + 1. Altogether, these
data are consistent with WM capacity = 2 + 1 for the chimpanzees and
do not show that chimpanzees have WM capacity comparable to, let
alone exceeding, that of humans.

6.7. Experimental evidence shows pure working memory size in Pan is less
than pure working memory size in Homo sapiens

6.7.1. Pure working memory and effective working memory defined

All the experiments discussed so far have addressed the performative
aspect of the size of working memory. However, Cowan (2001, 2010)
makes a distinction between (1) storage-specific WM, whose size he
refers to as pure working memory size (PWMS) and (2) process relating
short term WM, whose size will be referred to here as effective working
memory size (EWMS). The pure working memory size and the effective
working memory size, with the former referring to the architecture of
working memory and the latter to the implementation of that archi-
tecture, are both valid concepts (Cowan, 2001), but differ in that mea-
surement of the former requires eliminating any performance
implementation, such as chunking or rehearsal, that can increase the
number of units recallable from working memory. Cowan argues that
the average size of PWMS = 4 + 1 in humans with individual measures
ranging from 2 to 6.

6.7.1.1. Distinction between pure working memory and effective working
memory. A recent article — Carruthers (2013) - referring to Cowan’s
concepts regarding working memory assumes that the size of the holding
capacity of pure working memory is the only valid measure for the size
of the short-term memory component (i.e., the size of HWM) of working
memory, but this leads to confounding the architecture of working
memory, which is what pure WM refers to, with the implementation of
that architecture, which is what effective WM refers to. The difference
between the two can be seen in the fact that, architecturally, a Turing
machine (Turing, 1936) has a working memory of size 1, but can, in
principle, be programmed to solve any computational problem. Thus,
the level of performance of a computational system such as working
memory is not determined by its architecture, per se, but also by how
that architecture is implemented.

Differences in implementation motivates Cowan’s comments that
PWMS, as a measure of the size of short-term working memory, is not a
replacement of EWMS:

... the somewhat higher limit of 7 + 2 stimuli ... is valid ... as a
commonly observed, compound STM [short term memory] limit for
materials that allow online rehearsal, chunking, and memoriza-
tion.... (2001:114)

PWMS, then, refers to the measured size of short-term WM only when
information processing that affects the measure of the size of WM, such
as verbal rehearsal of items or mental processing that interferes with the
storing of information, is excluded (Cowan, 2010). Thus, the experiment
reported on by Volter et al. (2019) is not a test of PWMS but of EWMS
since the experimental subjects, whether human or chimpanzee, are free
to develop strategies for remembering either the space location of the
boxes involved in the experiment or the color feature of those boxes.

6.7.1.2. Notation for distinguishing holding working memory size in Pan
from holding working memory size in Homo sapiens. To distinguish
whether we are referring to the working memory of chimpanzees or to
the working memory of humans, we will refer to the pure working
memory size of Pan by PWMS* and the effective working memory size of
Pan by EWMS*. For Homo sapiens, PWMS = 4 + 1 (Cowan, 2001) and
EWMS = 7 + 2 (Miller, 1956). What we will now show, contrary to the
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claim that PWMS* = PWMS (Carruthers, 2013), is that PWMS* < PWMS
and EWMS* = 2 + 1 whereas EWMS = 7 + 2.

6.7.2. Experimental evidence for pure working memory size in Pan

Carruthers makes the claim that PWMS is comparable, in general, for
animals: “... experimental work with animals suggests that their [pure]
WM limits may fall within the human range” (2013, p. 10373). If this
claim were valid, then showing PWMS* = PWMS could proceed indi-
rectly by showing that PWMS in monkeys is the same as in humans. He
cites two experiments in support of this claim. The first experiment,
conducted by Botvinick et al. (2009) using a macaque monkey, does not
need discussion here since Carruthers states that the experiment does
not establish that PWMS = 4 in the macaques, as the experiment is
“consistent with a claimed WM limit of one or two items” (2013: 10373).
The only evidence he provides, then, in support of his claim that PWMS
= PWMS?* is an experiment reported on by Hauser et al. (2000).

6.7.2.1. Experiment measures subject’s ability to distinguish among small
quantities through subitizing. The experiment involves putting a small
number of slices of apple in one opaque box and a larger number in
another box while the monkey is watching. Hauser et al. report that the
monkey will then choose the box with a larger number of food items for
two versus three items, three versus four, or three versus five items but
not for four versus five, four versus six, four versus eight or three versus
eight. Since the monkey can, apparently, distinguish up to four items,
Carruthers interprets the result of this experiment as showing that
PWMS = 4 for monkeys.

However, as Beran and Beran (2004, p. 95) comment, the perfor-
mance of the monkeys is consistent with “a limited-capacity system of
representation” such as “the object file system” that “can represent only
up to four items in a set because of the visual system’s limits for the
parallel individuation of items in a presented set (Trick and Pylyshyn,
1994).” The object file representation system has been used to model
subitizing, the term used to refer to recognition of up to four items in a
collection without counting the items, a recognition process that occurs
in humans and many other animals. The object file representation sys-
tem allows for the comparison of one set of objects with another set so
long as there are at most four objects in each set, hence the failure of the
Rhesus (macaque) monkeys to distinguish between four versus five, four
versus six, four versus eight or three versus eight slices.

6.7.2.2. Performance level on experiment is not a measure of pure working
memory. Carruthers assumes, but does not establish, that the Hauser
experiment measures pure working memory. However, experiments
with other apes using the same research design show a significant
problem with his assumption. Beran and Beran (2004) conducted the
same experiment with a sample of four chimpanzees. Each chimpanzee
was able not only to distinguish between comparisons with < 4 bananas
placed in each container, thus matching the performance of the Rhesus
monkeys in the Hauser et al. experiment, but was equally able to
distinguish between 5 versus 8, 5 versus 10 and 6 versus 10 bananas. If,
as claimed by Carruthers, the experiment is a measure of pure working
memory, then PWMS* = 10 for the chimpanzees, more than double the
value for humans, which obviously is not the case.

The Beran and Beran experiment has been extended to include a
larger sample of chimpanzees as well as a sample of gorillas and
orangutans (Hanus and Call, 2007). The results with the larger sample
are like those from the Beran and Beran (2004) experiment. Regardless
of species, each ape was able to distinguish between smaller and larger
numbers of pieces of food in the two opaque containers, for up to 10
pieces of food. Hanus and Call suggest that quantity estimation is being
done with an analog estimator which is not present in Rhesus macaques.
Alternatively, possibly both a subitizing enumeration system and an
analog enumeration system are present in the apes, but only a subitizing
system is operative in the Rhesus monkeys.



D.W. Read et al.

6.7.2.3. Subitizing is distinct from working memory. This raises the
question as to whether subitizing relates to the magnitude of PWMS at
all. Though it has been suggested (see Cutini and Bonato, 2012) that
subitizing in humans may relate to visual short term memory since
human visual short term memory is of size 4 and humans easily subitize
collections up to size 4, this does not account for the performance by the
Rhesus monkeys as their visual short term memory is about one-half that
of the visual short term memory for humans (Elmore et al., 2011: Fig.
2A), hence they should only be able to deal with collections of size 1 or 2
if the size of visual short term memory is the basis for their performance.
In addition, research done by Ashkenazi (2016, p. 5) shows that the
Space component of visual short-term memory does not relate to
subitizing:

Subitizing is supported by a domain general visual object individu-
ation mechanism and not a Space working memory mechanism. It is
proposed that subitizing is supported by occipital-temporal areas but
not the inferior parietal cortex.

Thus, there is no reason to assume that the enumeration performance
of the Rhesus monkeys implies their PWMS* = 4.

6.7.3. Growth span for pure working memory differs between Pan and
Homo sapiens

Another difficulty with the claim that PWMS = PWMS* for the
chimpanzees is that difference in the time spans for the growth in the
size of PWMS in humans versus chimpanzees would yield different final
values for PWMS. To see this, consider first the time span for growth of
PWMS in humans.

The onset of active working memory in human infants starts as early
as 5.5 months (Reznick et al., 2004) with PWMS = 2 for infants of age
5-7 months (Feigenson, 2007 and references therein; Moher et al., 2012
and references therein), though others (e.g., Kaldy and Leslie, 2003)
argue that PWMS = 1 for this age range. By age 10-14 months, PWMS
has increased to 3 (Feigenson and Carey, 2005 and references therein;
Moher et al., 2012 and references therein) and PWMS then increases
further to its mature working memory size of PWMS = 4.

While growth in EWMS does not match the pattern for increase in
brain size during human development (Read, 2008 and references
therein), the increase in PWMS should, however, relate to growth in
brain size since PWMS refers to the architecture of the brain rather than
to the implementation of that architecture:

The prefrontal cortex of the brain and the executive functions it
supports undergo a long period of development in human ontogen-
esis, the fastest development occurring in the child’s first years of
life.... Out [sic] data support the existence of continuity in the
development of the mechanisms of working memory associated with
activity in the prefrontal cortex of the brain during the first years of
the child’s life. (Tsetlin et al., 2012, p. 698).

Since rapid brain growth ceases after age 36 months (see Fig. 11), we
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may (conservatively) assume that the adult value of PWMS = 4 is
reached by age 36 months, at most.

6.7.3.1. Correlation between growth trajectory for pure working memory
and increase in brain weight. Over the time period from 6 months to 36
months there is virtually a perfect correlation between the growth tra-
jectory for PWMS and increase in brain size measured by brain weight
for males, with a slightly less strong correlation for females (Fig. 11). If
we extrapolate backwards from 6 months to birth, we get a predicted
value of PWMS = 1 at birth for humans with a brain weight about 400 g.
The growth trajectory in PWMS implies, then, an increase of 1 unit in
PWMS for each 400 g of brain weight. That brain weight does not reach
800 g until age 12 months may account for why some researchers find
that PWMS =1 at age 6 months, while others find that PWMS = 2 at that
age (see references above). The average brain weight would be about
600 g at 6 months, hence in a cohort of 6-month-old infants, PWMS
would still be in transition from PWMS = 1 to PWMS = 2 and so some
infants in this cohort would have PWMS = 1 and other infants would
have PWMS = 2. Thus, the difference in the reported values for PWMS
by different research groups may be due, in part, to a sampling effect.

6.7.3.2. Human growth rate applied to Pan implies PWMS* < PWMS.
Next, we can apply these results to the time span and amount of growth
in brain weight in chimpanzees but recognizing that a correlation
determined from one species need not hold in the same manner in a
related species, even in a sister species. This is what we find with
humans versus chimpanzees. If we apply the human correlation between
brain weight and PWMS directly to chimpanzees without modification,
then for their average brain weight at birth of 151 g and average adult
brain size of 382 g (DeSilva and Lesnik, 2006), the human data of 1 unit
of PWMS per 400 g of brain weight would imply chimpanzees have
PWMS* = 0 at birth and PWMS* = 1 at adulthood, which seem to be too
small.

Alternatively, if we assume that in humans the main evolutionary
change in the size of PWMS has been an increase in its upper bound and
not in the starting size of PWMS at birth from PWMS* = 0 for chim-
panzees to PWMS = 1 for humans, then we would posit, by homology
between WM* and WM, that PWMS* = 1 at birth and the growth in brain
size of 231 g between birth and chimpanzee adulthood would only add,
at most 1 unit of PWMS, implying that PWMS* = 2, at most, for adult
chimpanzees. Either way, the PWMS* for chimpanzees would, at most,
be about one-half the PWMS for humans, not the PWMS = 4 claimed by
Carruthers for chimpanzees.

For chimpanzees to have the same PWMS as humans, there would
have to be a much higher growth rate for PWMS* in chimpanzees per
unit of added brain mass than is the case for humans, hence there must
have been neotenization of cognitive development associated with brain
growth in humans, but there is no evidence for neotenization in human
cognitive development (Langer, 2005, 2006; Parker and McKinney,
1999). Thus, the more plausible assumption is that for adult
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chimpanzees PWMS* is around 2 + 1 in comparison to humans with
PWMS = 4 + 1, which implies that limitations on chimpanzee EWMS are
not simply due to the various attributes that differ between WM* and
WM as argued by Carruthers, but to chimpanzees having a smaller
PWMS to begin with.

7. Comparison of SWM and AWM sub-systems of working
memory in humans and in chimpanzees

Attention has been directed in the foregoing paragraphs to the
holding sub-system (HWM) of working memory. It is no less important to
consider the strategic (SWM) and attentional (AWM) sub-systems of
working memory (for hierarchical planning) and the computational
power of working memory which enables mental manipulation. For this
purpose, we consider four sets of experiments involving chimpanzees
that relate to different cognitive levels: one relates to planning abilities
(SWM), a second to prospective and strategic planning (SWM) capacities
and the last two to whether chimpanzees exhibit theory of mind (AWM).

Before assigning a particular cognitive level normally associated
with human behavior to chimpanzees collectively, though, it is not
sufficient to just identify a single chimpanzee that can seemingly
perform at the cognitive level in question. In addition, we need to
examine carefullywhether the data said to demonstrate individual per-
formance at the cognitive level in question can be generalized to
chimpanzees as a collectivity, considering possible methodological
problems involving selection of participants, design of experiments, and
quantification of data. To focus on the problems, we now consider four
studies involving evidence of problem-solving, planning, and theory of
mind by chimpanzees, and we find that either the purported cognitive
level does not occur or it occurs through individually exceptional per-
formance that does not carry over to chimpanzees as a collectivity. This,
in conjunction with the evidence already presented of a substantial
difference in the size of WM (HWM to use our previously defined ter-
minology), invalidates claims that chimpanzee WM performance is
comparable to that of humans.

7.1. Four sets of experiments addressing planning, future planning and
theory of mind abilities in Pan

The first two sets of experiments relate to the capacity of the strategic
working memory of great apes. The third and fourth experiment sets
relate to attentional working memory. We review each of these sets of
experiments to see whether an experiment succeeds in demonstrating
that the chimpanzees have the advanced cognitive abilities that some
have claimed is part of the cognitive repertoire of the chimpanzees and
possibly of other great apes.

7.1.1. Experiment set 1: planning capability of Pan (SWM sub-system)

The first experiment we review was conducted by Tecwyn and col-
leagues twice: first with bonobos and orangutans as subjects (Tecwyn
et al., 2013) and second with human children as subjects (Tecwyn et al.,
2014). In both cases, the experiment involved an apparatus with 3 tiers
of rotatable paddles. By rotating the paddles leftwards, rightwards, or
flat, the subject could direct food placed as bait on a paddle at the top
tier downward, to the bottom tier along an uninterrupted path by
anticipating how the food will drop from one tier to the next. The sub-
ject’s goal is for the food to arrive at the only box at the bottom of the
apparatus from which the reward can be collected.

Two conditions controlled the difficulty of the experiment. Condition
1 required advanced planning. For the subject to succeed, the paddles
had to be turned to form a pathway from the top tier to the box at the
bottom of the apparatus before the paddle at the top tier with the food is
turned. In Condition 2, the paddles were initially set in the flat position
and could then be turned sequentially to direct the food to go from one
tier to the next in a stepwise manner. Tecwyn et al. (2014) comment,
regarding the difficulty of the experiment:
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The sequential planning task is visuospatially simpler because all of
the paddles are [initially] flat, which makes mentally visualizing the
movement of the reward to the goal more straightforward. The item
can also be controlled in a step-by-step manner. Therefore, it is
possible to use a perceptually guided strategy (turn the paddle with
the item on it toward the open goal) that incrementally moves the
item toward the goal. ... The advance planning task, on the other
hand, is visuospatially more complex because it is not possible to
follow a visual path from the reward to the goal given that relevant
paddles need to be pre-positioned before the start paddle is rotated in
order to create a valid path. (p. 97)

Both the bonobos and the orangutans failed in the advanced planning
condition, and indeed in 84.9 % of the trials for orangutans and 98.3 %
for bonobos only the start paddle was rotated. They both succeeded,
however, in the sequential planning task. This did not require advanced
planning.

When the same experiment was replicated with human children,
Tecwyn and colleagues divided the children into three age groups: 4 - 5,
6 - 7 and 8 - 9-years-old. The 4 - 5-year-old children performed
comparably to the apes under both conditions. The 6 - 7 -year-old
children outperformed the apes in both conditions, thus showing
advanced planning skills. Taken at face-value, these results imply that
the size of the ape HWM is 2 + 1 (see Fig. 1B). The results of these two
studies run counter to the opinion derived from field observations of
tool-use by apes in the wild that they have remarkable planning capa-
bilities (Brewer and McGrew, 1990; Boesch et al., 2009).

7.1.2. Experiment set 2: planning for future events by Pan and Pongo
(AWM sub-system)

The second study was aimed at assessing the extent to which bonobos
and orangutans have the human cognitive ability to plan for a future,
possible event. This involves prospective memory, which underlies the
ability to carry out in the future a possible action or event conceptual-
ized or recognized in the present and is linked to working memory in the
following manner.

It has been posited (Lewis-Peacock et al., 2016 and references
therein) that there are two routes for prospective memory performance.
One involves WM to monitor the environment for the appropriate future
time to undertake the event and the other involves episodic memory for
storing the intention to enact the event and then activating the stored
intention at the right time. That is, working memory relates to proactive
control (Lewis-Peacock et al., 2016) through WM executive functions
that serve “(a) to coordinate performance on multiple tasks, (b) to attend
to some and inhibit other information, and (c) to hold and manipulate
information in long-term memory” (Kliegel et al., 2002, p. 304),
whereas episodic memory relates to reactive control of implementing
events in the future (Lewis-Peacock et al., 2016). It is the connection
with working memory that is of concern here. In this regard, working
memory executive processes and prospective memory performance are
closely related (Kliegel et al., 2002 and references therein), with > 44 %
of the variance in prospective memory performance accounted for by
working memory executive functions (Kliegel et al., 2002). We can
relate, then, prospective performance of the ape subjects in this study to
their WM capacity, albeit with the caveat that other factors can be
involved as well.

The future event for the ape subjects was formulated in the following
manner. Each of the 3 orangutan and 3 bonobo subjects in the study was
offered 8 tool objects of which two alone were appropriate for attaining
a food reward in sight, albeit blocked inside a transparent apparatus
(Mulcahy and Call, 2006). Each subject was then taken into another
room, could take tools with him or her and after a fixed period (1 or 14 h
depending on the trial), was then returned to the food apparatus from
which any tools not taken by the subject had already been removed. The
block was released and if the subject had taken a functional tool, it could
now be used to get a food reward. Two of the three bonobos chose more
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functional tools than might have been expected by chance, seemingly
implying a capacity to plan for an uncertain but possible future need;
however, one of the bonobos performed no better than chance (Mulcahy
and Call, 2006: Table 1). In addition, it is not clear that the food appa-
ratus was blocked from the subjects’ view while they waited in the
adjacent cage during the 1-hour waiting interval (there is no information
presented on this matter in the Materials and Methods section of the
article). Thus, a subject might still be aware of a food reward throughout
each trial of the experiment, which obviates any need to plan for a
future, uncertain event. This would not apply to the 14-hour waiting
interval when subjects were moved upstairs to their sleeping rooms
before testing was resumed.

In a related experiment designed to inquire whether chimpanzee,
bonobo or orangutan subjects make tools for future use (Brauer and Call,
2015), a frangible wooden board had to be broken into smaller pieces
that could be used to dislodge grapes from 8 transparent tubes mounted
in a battery beside their cage baited with 8, 3, or no grapes, with 1 grape
per tube. The subjects could prepare tools before the tubes were
unblocked, thereby making the grapes inside the tubes accessible. The
experimenters found that the subjects, rather than making tools for
possible future use, made most tools after the tubes were unblocked. The
only evidence for anticipatory behavior is that rarely were more than
two tools made when 3 grapes or none were in the tubes, though for
dislodging 8 grapes it was enough to break up the board into smaller
pieces (an act that itself could have been a distractor from a visible but
unattainable reward; cf., Peake et al., 2002). Moreover, when the access
time to the grapes was reduced and extra pressure for preparing tools in
anticipation (e.g., before the apparatus was unblocked) was imposed
there was no increase in the number of tools produced. The study, at
best, corroborates the limited capacity for prospective and strategic
planning capacities shown by chimpanzees and orangutans in the pre-
vious experiment. As discussed above, one explanation for the limited
prospective planning performance by the ape subjects would be a
limited working memory capacity.

7.1.3. Experiment set 3: theory of mind in Pan (AWM sub-system)

Another set of experiments used the so-called “goggles” experiment
(Heyes, 1998) in which animals are to be trained with goggles with one
rim color corresponding to transparent goggles and another rim color to
opaque goggles. The aim is to find out whether, based on its own
experience, an animal might attribute mental states to others that
appear to have the same visual experience. The hypothesis being tested
is: Do animals attribute mental states to others that appear to be expe-
riencing the same conditions that they have experienced? The experi-
ment (Karg et al., 2015) was carried out by training the apes with one
color and transparency of goggle-like masks on every other day and the
other color and opaqueness of goggle-like masks on the alternate days.
Once they were familiar with the properties of the masks, a researcher
put on one of the two masks and then turned his head to see whether
they followed his gaze selectively as a function of the transparency of the
mask. This was not the case and therefore chimpanzees did not seem to
be using their own visual experience to infer what another can see. In
contrast, human infants at 18 months followed the gaze of a blind-folded
experimenter more often when they had experienced see-through
blindfolds than after wearing opaque blindfolds (Meltzoff and Brooks,
2008).

Another study on gaze-following found that chimpanzees and
bonobos followed an experimenter’s gaze more frequently when
directed toward a barrier containing a translucent rather than an opaque
window (Okamoto-Barth et al., 2007). Contrary to the google study, the
chimpanzees appeared to consider what the experimenter could or could
not see.

A further experiment was conducted to account for the different
results that were obtained, using competition over food with a human
(cf., Hare, 2001). The chimpanzees were trained with three different lids
that were either transparent, opaque, or screened. Screened and opaque
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lids looked the same from the outside, though the screened version
allowed objects to be seen that were placed below it. A chimpanzee
sitting face-to-face with the human had to choose between stealing a
peanut from under one of two lids, one of which was always opaque and
the other was similar in appearance to the opaque lid but was either
transparent or screened, hence the human could see through it. The
human removed the peanut whenever the human could see the chim-
panzee trying to grab it but could not see the chimpanzee reaching under
the opaque lid.

The hypothesis being tested was whether the behavior of the chim-
panzee varied as a function of a social condition (a human was present
and could steal the peanut) or a non-social one (the chimpanzee was
alone). Chimpanzees preferred to steal the peanut from under the opa-
que lid more often in the social condition than in the non-social condi-
tion, which was interpreted to support their capacity for visual
perspective taking. Nevertheless, in the social condition the apes still
tried to steal food from under the transparent and screened lids in more
than 40 % of the trials. This counters the hypothesis since neither any
additional cost was required to steal food from under the opaque lid nor
was a greater reward obtained from under the transparent or screened
lids. Why, therefore, should they risk losing the peanut by trying to steal
it from under the transparent and screened lids in a social condition? If,
from their own experience, they could infer what the human could or
could not see, there should be no transparent or screened lid stealing
attempts at all. Therefore, this study implies that, even with a simple
theory of mind task, only involving visual perspective attribution rather
than more complex knowledge or belief attribution, chimpanzees can
adopt the visual perspective of others only with difficulty, possibly
owing to limitations in their attentional sub-system of working memory
(AWM) that hinders efficient switching from their own perspective to
that of another. Or perhaps because, unlike humans, they fail to see
others as intentional agents like themselves (Tomasello, 2014). In
contrast, the human AWM system allows human subjects to do two
different, albeit related, things: 1) inhibit at will their own visual
perspective and 2) shift at will from own to the other’s visual
perspective.

These studies show, at most, that chimpanzees (and possibly the
other great apes that were also subjects for these experiments) can, to a
degree, solve new problems by inventing new solutions, plan for future
needs, and have at least a limited theory of mind. They undeniably have
cognitive skills that rely on the power of working memory to store and
manipulate mental objects and compute plans, but it is not evident that
WM > 2 + 1 is necessary. Instead, these studies show the limited ca-
pacity of apes to draw up and execute plans (strategic sub-system of
working memory) and to switch attention from the perspective of one-
self to that of others (attentional sub-system of working memory). The
limitations are revealed by low rates of success overall, with relatively
few successful individuals observed across the different experiments. We
find that while an ever-increasing number of studies attribute human-
like cognitive abilities to chimpanzees and other great apes, thereby
seeming to suggest that there are no fundamental differences between
their working memory and ours, this conclusion disappears both when
evidence showing development differences between humans and
chimpanzees with the age-based development of working memory is
considered and when scrutiny of individual performers is contrasted
against analyses of group behavior.

7.1.4. Experiment set 4: false belief and theory of mind in Pan (AWM sub-
system)

Whether the great apes, in general, and the chimpanzees, in partic-
ular, cognitively recognize that the behavior of conspecifics may be
driven by false beliefs they hold about the situation in the world is un-
clear (Call and Tomasello, 2008). In experiments involving food choice,
ape subjects have not demonstrated understanding of false beliefs about
the state of the world (Hare et al., 2001; Kaminski et al., 2008; Krachun
et al., 2009). Other experiments have been critiqued for not excluding
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the possibility that the performance claimed to be indicative of under-
standing false beliefs could be explained by simple behavioral rules such
as “search for things where they last saw them” (Krupenye et al., 2016;
Scarf and Ruffman, 2017; Perner and Ruffman, 2005)” (Kano et al.,
2019). A recent experiment conducted by Kano and colleagues (Kano
et al., 2019) purports to circumvent these criticisms and show that apes
understand false beliefs. However, the experimental data do not support
this claim.

The experiment involves a subject ape observing the same event
under two different conditions involving a barrier: (1) the barrier is
opaque or (2) the barrier is translucent. The apes involved in the
experiment are divided into two groups corresponding to the two con-
ditions. Each group is first familiarized with the barrier for the experi-
mental condition in which the members of that group will participate as
subjects. For both conditions, two boxes are located between the subject
ape and an actor who can be observed by the subject ape. The subject
ape observes an actor watching a stone being placed into a target box.
Then the barrier is placed between the actor and the boxes. Next, the ape
sees the stone being removed from the target box and placed into the
other (distractor) box before it is removed completely, after which the
barrier is then removed. Lastly, the actor moves towards the boxes,
staying equally distant from each of them. The eye movement of the ape
is tracked to see if the subject’s eye movement is biased towards the
target box. Results relevant for our purposes here from the two experi-
mental conditions are presented in Table 4.

The authors claim that under Condition 2 the subject ape attributes
"to the actor a true belief that the object had been removed and with
having no expectation that the actor would search in any particular place”
(emphasis added). Thus, the prediction is that a subject ape making eye
movement under Condition 2 will glance randomly at the target box
and/or at the distractor box. However, this prediction is contradicted by
the chimpanzee frequency counts shown in Table 4 for the DLS values
computed for eye movement under Condition 2. From Table 4, of the 17
apes that make eye movement under Condition 2, 13 either have DLS =
1 (only glance at the target box) or DLS = -1 (only glance at the dis-
tractor box), in contradiction to the prediction, while only 4 apes have
DLS in the range [-0.65, 0.50] (i.e., the ape looks at the target and the
distractor boxes randomly), hence support the prediction.

Under the second condition where the barrier is translucent, an ape
realizes (at best) that if s(he) is at the location of the actor, s(he) would
see that the stone was first put into the target box, then it was moved into
the distractor box and finally it was removed completely. Under the first
condition, with the opaque barrier, the ape would realize (at best) that s
(he) can only see where the stone was initially placed, namely into the
target box. The eye glances of the apes, under both conditions, can thus
be explained by the simple rule: expect the stone to be in the box where

Table 4
DLS? Values for Theory of Mind Experiment.

Condition 1 Condition 2

m° n°
Eye Movement®
DLS
1 7 5
[-0.65, 0.40]¢ 5 4
-1 1 8
No Eye Movement® 10 7

Notes.

a. Differential Learning Scale: DLS = (# target - # distractor)/(# target + #
distractor).

b. m, n — number of chimpanzee subjects.

c. Data values for m and n corresponding to No Eye Movement are from Kano et al.
(2019: Table 1) and data values for m and n corresponding to Eye Movement were
determined from Kano et al. (2019: Fig. 2).

d. Range of DLS values between 1 and -1. Condition 1: Mean DLS = 0.12;
Condition 2: Mean DLS = -0.10.
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it was previously located. Either the target box or the distractor box
equally satisfies the “previously located” criterion for the stone, hence
we would expect that, under Condition 2, the proportion of apes
glancing towards the target box should match the proportion of apes
glancing towards the distractor box. From Table 4, 5 apes glanced at the
target box and 8 apes glanced at the distractor box. For the null hy-
pothesis that glancing at the target box or glancing at the distractor box
are equally likely, the chi-square value is X2 = 0.69 with df = 1 and p =
0.41, so the null hypothesis is not rejected. Contrary to the authors’
claim: “our current results are not explained by behavior rules” (p. 5),
the rule, search where an object was previously located, accounts for the
ape behavior under Conditions 1 and 2 without invoking Theory of Mind
(ToM). This rule is cognitively comparable to the behavioral rule, search
where an object was last seen (though it has a different meaning), that has
been used to account for the behavior of the apes in a previous study on
false belief attribution (see Krupenye et al., 2016). There is no need,
then, to invoke ToM to account for the behavior of the apes in this
experiment. A more formal argument reaching the same conclusion is
provided by Henley and Povinelli (2020).

Until recently there was consensus that ToM, as measured in children
with change of location tasks that require children to verbally report
where an agent would search for an object as a function of the agent’s
epistemic state (e.g., whether the agent had witnessed the object’s
change of location) emerged in early childhood (circa 4). This seemingly
protracted maturation of ToM would be related to prior linguistic and/or
executive control maturation (e.g., Perner, 1991; Wellman and Cross,
2001). However, recent studies that use different paradigms not relying
on language (e.g., anticipatory looking [AL] and violation of expecta-
tions [VoE]) have found that 2-year-old children show action under-
standing that involves considering the agent goals and (and herein lies
the rub) the agent’s epistemic status (knowledge and beliefs) (e.g.,
Onishi and Baillargeon, 2005; Southgate et al., 2007; Surian and Geraci,
2012). This has generated an animated debate among researchers that is
partially resolved by proposing two different systems for belief
reasoning: one that scarcely uses cognitive resources but is inflexible (i.
e., implicit mindreading), and one that is cognitively demanding (i.e.,
explicit mindreading) since it requires executive control yet remains
flexible (Apperly and Butterfill, 2009). The former system would relate
to AL paradigms such us the one employed in chimpanzees by Krupenye
et al. (2016) and the later to more conventional tasks relying on lan-
guage (e.g., the Sally-Anne test). Although both systems are specialized
for dealing with mental states, the implicit system emerges early on and
constitutes a fast and almost automatic way of tracking mental states,
while the explicit system puts higher demands on executive functions.
According to this distinction, chimpanzees’ success in the “belief attri-
bution” task by Krupenye et al. (2016) might be recruiting the implicit
system, in which case working memory would only play a minor role in
the performance of subjects. It should be noted, however, that there are
problems with replicability in false belief tasks with children using AL as
a dependent variable (Kulke and Rakoczy, 2017). It is also noteworthy
that the specific design employed by both Krupenye et al. (2016) and
Kano et al. (2019) with great apes shows lower replication rates than
other designs based on AL (for a comprehensive discussion see Horschler
et al., 2020).

7.2. Group level versus individual level cognitive abilities

When we speak of human cognition, we establish transitional periods
when children’s cognitive abilities undergo qualitative changes (e.g.,
Piaget, 1959). One benchmark may be the cognitive development in
children of the capacity to attribute false beliefs to other minds explic-
itly. In a sample of 46 Austrian children, none of the 3 - 4-year-old
children passed the “Sally-Anne” test, while 57 % of the 4 — 6-year-old
and 86 % of the 6 — 9-year-old children passed it (Wimmer and
Perner, 1983; Baron-Cohen et al., 1985). Those who passed the test can
attribute false beliefs to other minds, and even explain why others have
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wrong knowledge about the world (i.e., full-blown explicit false belief
attribution).

The age at which children shift from not passing to passing the
“Sally-Anne” test, it should be noted, is not culturally invariant but
affected by both broad cultural differences such as an individualistic
versus a collectivist cultural emphasis or by narrower cultural differ-
ences such as the age at which formal schooling begins. In one study
(Kim et al., 2020), German children (from an individualistic culture)
were found to pass the “Sally-Anne” test at an earlier age than Japanese
children (from a collectivistic culture). In another study the pattern was
shown to be more complex. In a comparison of United Kingdom, Italian
and Japanese children, Hughes et al. (2014) characterized the United
Kingdom and Italian children as coming from individualistic cultures,
the Japanese children from a collectivistic culture, and though the
United Kingdom children and the Italian children were both from
individualistic cultures, they differed by the fact that the United
Kingdom children start formal schooling at an earlier age than the
Italian children. The researchers report that the United Kingdom chil-
dren passed the “Sally-Anne” test at a younger age than either the
Japanese or the Italian children, showing a broad cultural effect on
performance of the United Kingdom versus Japanese children, and a
narrow culture effect with the difference in performance of the United
Kingdom children versus the Italian children. At the same time, the
Italian children and the Japanese children both pass the test at the same
age, thus showing similarity despite the Italian children coming from an
individualistic culture and the Japanese children from a collectivist
culture. Their similarity in performance suggests that the late schooling
of Italian children reverses the individualistic cultural effect that
otherwise would lead to a difference between the Japanese and the
Italian children in the age when they pass the “Sally-Anne” test. Thus,
both broad and narrow cultural differences affect the developmental
trajectory of children for false beliefs.

Cultural and schooling effects are not limited to the age at which
children comprehend false beliefs. They also affect the level of working
memory performance. Several studies have found that illiterates exhibit
decreased performance in comparison to literates on working memory
tests such as repeating lists of pseudowords and the word pair associa-
tion test that relate to the phonological loop component of working
memory (see, e.g., Castro-Caldas et al.,, 1998; Gomez-Perez and
Ostrosky-Solis, 2006; Kosmidis et al., 2006; and Reis and Castro-Caldas,
1997). This is not surprising because a phonological loop is one
component of WM and illiterates score lower than literates on phono-
logical processing. In the other direction, it is also found that formal
schooling can enhance memory skills measured by working memory
tests such as recalling lists of pseudo words (Kosmidis et al., 2006).
Although schooling has been shown to have a positive effect on cogni-
tive abilities in Western societies with their cultural emphasis on
schooling, other societies that do not culturally emphasize schooling,
such as (extant) hunter-gatherer societies, place cultural emphasis on
other kinds of knowledge, such as ecological knowledge, and this may
have the same effect on cognitive abilities as does schooling in Western
societies (Reyes-Garcia et al., 2016).

7.2.1. Experiments show individual but not group level cognitive abilities in
Pan

When it is reported that an individual chimpanzee exhibits any of the
so-called “uniquely human” cognitive traits, it is not shown that most, if
not all, adult chimpanzees tested will exhibit these abilities. In fact, a
considerable number of adult subjects never solve some of the tasks for
which they are being tested and perform as though they do not possess
the trait in question, such as failure to ever crack nuts by some chim-
panzees at Bossou, failure to select a tool in anticipation of future need
for that tool in the experiment by Mulcahy and Call (2006), failure to
perform beyond the cognitive level of 3 or 4 year old humans as shown
by data on knowledge and belief attribution (Karg et al., 2015, 2016,
Kaminski et al., 2008; Krachun et al., 2010), and so on.
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Studies like these also include claims that great apes exhibit
extraordinary feats of working memory rivalling those of humans (Inoue
and Matsuzawa, 2007; Volter et al., 2019), make tools with foresight
(Brauer and Call, 2015), save them for future use (Mulcahy and Call,
2006), solve food-extraction problems insightfully as if by mental trial
and error (Mendes et al., 2007), and adopt human visual perspectives
implying a theory of mind (Karg et al., 2015, 2016). When these results
are taken at face value, it appears that there are no qualitative differ-
ences between human and great ape working memory. Yet in the
experiment testing the capacity to save tools for future use, in 9 out of 16
trials 5 of the 6 apes tested failed to return to the test room with a
suitable tool after having waited elsewhere for just 1 hour (Mulcahy and
Call, 2006), revealing inability to anticipate future needs correctly in >
50 % of attempts. Similarly, apes were inefficient when required to make
tools for use in a future extractive task (Brauer and Call, 2015), being
barely able to produce 2 tools beforehand when 8 were needed, usually
beginning preparation only after having access to the food but not in
anticipation of access. As for theory of mind, chimpanzees failed to infer
what a human could or could not see as a function of the mask worn and
their own previous experience with the masks (Karg et al., 2015), in
marked contrast to the success of 18-month-old children in a similar task
(Meltzoff and Brooks, 2008). Even after the testing protocol was modi-
fied to be in their favor, the performance of the apes was still only
slightly improved.

Our intent here has not been to conduct an exhaustive literature
review but to focus on studies that have “allegedly” been a breakthrough
in the knowledge we have about prospective/strategic capacities in
great apes or their ToM abilities. Our goal has been to show that what at
first glance could be interpreted as remarkable cognitive performance
on the part of the apes ceases to be impressive when the methodology or
the conceptual background is scrutinized critically. This scrutiny
consistently shows that their SWM and AWM subsystems show quali-
tative limitations in comparison to humans.

7.2.2. Comparison of group level performance in Homo versus Pan

Our rating of how experimental results relate chimpanzee perfor-
mance to human performance is virtually the opposite of the results
obtained through the hierarchical rating system of cognitive abilities
devised by Carruthers (2013) that claims chimpanzees have essentially
the same working memory capacity as do humans. Carruthers classifies
working memory performance in terms of ascending levels of cognitive
demand going from 1 to 8. We present his levels of cognitive demand in
tabular form in Table 5. Carruthers only considers pure working memory
and not effective working memory, and places increase in size of pure
working memory at the beginning of his hierarchy. This leads him to
assert, incorrectly as we discussed above in Section 6.7.3.2, that for
chimpanzees PWMS* = 4 = PWMS. In addition, he provides no reason
for assuming that the working memory properties that are part of his

Table 5
Posited Working Memory Hierarchy.
Level No working memory
1
Level PWMS = 2, but only in the absence of interference
2
Level PWMS = 4, but only in the absence of interference
3
Level Level 3 (not affected by interference); cannot be initiated ab initio through
4 top-down initiation of WM
Level Level 4 (can use top-down initiation); cannot use rehearsal to generate
5 content for WM
Level Level 5 (can use rehearsal); limited ability to transform WM
6 representations into problem solving
Level Level 6 (can transform representations); cannot use WM content outside
7 current tasks
Level Level 7 (use WM content outside current tasks); have WM comparable to
8 that of humans

Level descriptions modified from Carruthers (2013).
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Levels 4-8 only occur after PWMS = 4. Since PWMS develops in humans
with maturation and PWMS = 4 for 3-year-old children (but see Cowan
et al., 2011 for evidence that PWMS = 2 for 6 — 9-year-olds), Carruthers’
assumption that Levels 4-8 require PWMS = 4 implies that none of the
properties associated with these levels occurs in human development
before PWMS = 4, which does not make sense. He has provided no
reason for excluding the possibility that chimpanzees may have some of
the properties of Levels 4-8 even with PWMS* = 2, hence Carruthers’
claim that great apes have Level 7 working memory, even if valid, does
not justify his claim that PWMS = PWMS*.

Carruthers assigns great apes to level 7 owing to their supposed
computational working memory capacity for the requisite mental
manipulation for insightful problem solving and planning that fully
engages this capacity. This, of course, is linked to the holding and
strategic sub-systems of working memory, as well as to the attentional
sub-system that, at least in humans, enables a theory of mind, though
this last aspect seems to be at best poorly developed in apes, as we have
discussed above. Carruthers (2013) refers to some of the studies dis-
cussed in the previous section by primatologists and comparative psy-
chologists who attribute remarkable prospective abilities to great apes,
and he accepts prima facie the soundness of their interpretations, except
for the accounts of number performance by Pan, even though our review
of these claims has shown that the interpretations are not justified by the
evidence. A more critical approach than that provided by Carruthers is
needed to disentangle the strategic (SWM) and attentional (AWM) as-
pects of chimpanzee working memory and its computational power.

7.3. Elaboration of working memory without language in Homo erectus
but not in Pan

We have identified substantive differences between WM in chim-
panzees and in humans, including difference in PWMS versus PWMS*
and EWMS versus EWMS*, leading to qualitative differences in the
cognitive performance of humans in comparison to chimpanzees. This is
in striking contrast, as we discuss above, to the review by Carruthers
(2013) of working memory in non-human animals, non-human pri-
mates, and humans in which he concludes that WM in non-human pri-
mates is homologous with that of humans, that the size of PWMS is the
same in humans, non-human primates and other mammals, and chim-
panzees share with humans WM that includes all of the criteria through
Level 7 in Table 5. If so, where does the difference in cognitive abilities
between humans and chimpanzees come from? He answers this question
by asserting that what is unique to humans is “our ability to vastly
extend the topics and forms of reflective thinking in which we can
engage by virtue of our capacity for mental rehearsal of speech” (Car-
ruthers, 2013, p. 10377, emphasis added). This implies that prior to the
development of language, hominin WM and chimpanzee WM were
essentially the same. This is a testable proposition. Consider how the
artifacts made by Homo erectus, dating from around 1.8 to 0.5 mya,
hence before the origin of language, which probably occured barely 200
kya (Knight, 2009), relate to WM. As one researcher puts it:

About 1.8 million years ago [before speech] ... Homo erectus strikes a
rock against another while holding the idea of a shape in his mind.
Through a series of skillful choices of angles and strikes, he imposes
that shape to produce a hand axe ...it is unlikely — impossible, really
— that another species could conceive and execute the complex
planning inherit in [this scenario] .... There is something else at play:
an ability to construct and carry out increasingly elaborate plans of
action. (Coolidge et al., 2012, p.38).

Making a hand-axe involves a planning scenario that is striking in its
complexity in comparison to a simple scenario for chimpanzees making
termite sticks (Read and Andersson, 2019; Stout, 2011). Although
comparative researchers have usually separated understanding relating
to the physical world and the forces that govern it (physical cognition)
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from the understanding of other minds (social cognition), there is an
aspect of cognition feeding both — a common “machinery,” so to speak,
that can be seen in the scenario for making a hand-axe. When a critical
level of development (threshold) is reached through expansion of
working memory, a qualitatively new way of processing information is
enabled in a comparable way across all our complex cognitive abilities.
When working memory can be activated by mentally entertaining the
images/thoughts/feelings we ascribe to another person as well as one’s
own, and these representations can be kept distinct conceptually, it is
possible to shift from one representation to the other to extract and/or
compute information relevant to making appropriate social decisions.
The simultaneous activation of alternative representations occurs when
knapping a hand-axe. The artisan has in mind not only a representation
of the final, intended product and its desired features, but may also have
in mind an alternative artifact (e.g. a cutting implement) that he or she
could possibly make, while simultaneously focusing on, and mentally
representing, the stone substrate that he or she is working with but
which does not yet correspond to either the hand-axe currently
conceptualized by the artisan or the cutting tool that is also being
conceived by the artisan. All these imagined representations and sce-
narios can be entertained by the artisan as he or she proceeds when
working memory is powerful enough to entertain multiple spheres of
reality or mental objects for which information is updated as the artisan
proceeds, and each of which can be mentally accessed by the artisan at
will. In this sense, theory of mind with its multiple representations and
use of episodic memory, and prospective preparation of tools with its
multiple representations, parallels the properties of working memory
and this suggests that prospective and episodic memory probably
appeared roughly at the same time and developed hand in hand.

The striking difference in complexity for the planning scenario for
making a hand-axe and its dependence on an already elaborated WM in
Homo erectus in comparison to that of a chimpanzee-like ancestor in-
volves elaboration of WM that obviously does not derive from speech
rehearsal, contrary to Carruthers’ argument. Since these and other data
(see Read and van der Leeuw, 2008) from hominin activity before the
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Fig. 12. Comparison of the size of working memory (right vertical axis) with
change in the encephalization quotient (left vertical axis) through time in
hominin phylogenetic groups and with increase in the conceptual dimension-
ality of tool production during hominid evolution divided into 7 stages (only
Stages iii to vii relate to stone tool production). Vertical “fuzzy” bars identify the
approximate time periods for the stages relating to stone tool production.
Encephalization quotient based on EQ = brain mass/(11.22*body mass®’®)
(Martin, 1981). Stone tool data source: Read and van der Leeuw (2008). Fossil
data sources: triangles, Epstein (2002, Rightmire (2004, Ruff et al. (1997).
(Modified from Read and van der Leeuw, 2008, Fig. 2).
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origin of syntactic forms of language all show that language is not the
basis for more elaborated working memory in hominin ancestors to
Homo sapiens, it is necessary to turn to what we understand about the
evolutionary expansion and elaboration of WM in the hominins that was
already playing out by the time of Homo erectus (see Fig. 12).

8. Relationship of expansion and elaboration of working
memory to the evolution of Homo sapiens

The last common ancestor for Homo and Pan dates to around 6-8
mya, hence WM capacity would be, at most, the same as for Pan today,
so assume WM capacity = 2 =+ 1 for the last common ancestor, meaning
that during hominin evolution leading to Homo sapiens, EWM capacity
increased from 2 + 1 to 7 &+ 2. Assuming a linear increase in EWM ca-
pacity through time, evolutionary increase in EWM capacity corre-
sponds to the hominin phylogeny leading to Homo sapiens as shown in
Fig. 12. Striking is the correlation between stepwise increase in EWM
capacity and major events in the hominin phylogeny leading to Homo
sapiens.

We can also relate the increase in EWM capacity to archaeological
evidence for qualitative changes marking different stages in the design
and technological complexity of tool manufacture (see Read and van der
Leeuw, 2008), beginning with tools used by chimpanzees and extending
through the stone tools that are critical to hominin evolution leading to
Homo sapiens. As shown in Table 6 and with the hominins, stone tool
manufacturing evolves from the earliest technology for removal of flakes
used as tools (Stage 2, 3.3 mya, found at Lomekwi, West Turkana, Kenya
(Harmand et al., 2015)) through the complex blade technologies even-
tually appearing in most parts of the world (Stage 7, c. 50,000 BP).
Columns 2-5 in Table 6 identify some of the observations linking stone
tool manufacturing with EWM performance indexed by the size of EWM
(Column 8) and the approximate date for the beginning of each stage
(Column 9). Column 10 identifies newly appearing artifact categories
corresponding to each stage. (For a more extensive discussion, see Read
and van der Leeuw, 2008, pp. 1961-1964, 2015). As can be seen from
Table 6 and Fig. 12, overall, there is an interrelated pattern incorpo-
rating cranial, technological, and behavioral changes associated with
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increase in effective working memory capacity that is a central part of
hominin evolution leading to Homo sapiens. But to detail that pattern
would require another account.

9. Conclusions

Research over the past several decades has drastically expanded our
understanding of the complexity and multi-facetedness of the behavior
of the non-human primates, especially of the great apes, in general, and
of the chimpanzees, in particular. This research challenges our under-
standing of what it means to be human and to what extent, and even if,
there is a qualitative difference between ourselves and the non-human
primate species biologically nearest to us. Working memory provides
an avenue for exploring the degree and extent to which we share com-
monality with the non-human primates due its centrality and develop-
mental trajectory from birth to adulthood regarding cognitive
performance of individuals in our species. The breadth of this develop-
mental trajectory enables a variety of ways that comparison may be
made between the cognitive abilities of ourselves and the non-human
primates. What these comparisons consistently show, regardless of the
modality for the comparison (e.g., behaviors such as tool using, tool
making, theory of mind, social behavior, and planning, or changes in
brain architecture such as patterns of brain growth and association of
cognitive abilities with brain regions), is a critical transition when going
fromWM=2+1to WM >2+1.

For the chimpanzees, WM = 2 + 1 is a stable equilibrium that suffices
as the basis for a rich and wide-ranging array of behaviors. These be-
haviors were made possible by evolutionary changes in earlier non-
human primates leading to the great apes. These changes began to
downplay genetically endowed behavior in the evolution of the great
apes through selection for individualistic behavior whose degree of
occurrence and range of expression became comparable to what we find
in our own species. Whether the comparison is tool making and using
abilities, innovativeness in behavior, forming of social relations through
extensive face-to-face interaction, rudiments of, at least, social tradi-
tions, ability to modulate behavior in accordance with pre-cursor mental
capacities associated with the rubric, theory of mind, and the like, the

Table 6
Evolution of Tool Complexity Compared to Change in Size of WM.

Stage  Concept Action Innovation Dimensionality Goal Mode WM Age Example

size BP

1 Object attribute Repetition Functional attributes 0 Use an object 1 Termite
possible already present, can be stick

enhanced

1A Relationship be- Objects used Using more than one 0 Combine 2 Nut

tween objects jointly object to fulfill task objects in a task cracking

2 Impose attribute Repetition Raw material modified 0 Detach flakes 2 3.3 Lomekwi 3"
possible to fulfill task mya

3 Flaking Repetition Deliberate flaking, but 0: Incident angle < 90 °; Shape flakes 3 2.6 Lokalalei

without overall design conchoidal flaking mya 2c”

4 Edge Iteration: each Deébitage: flaking to 1: Line of flakes creates partial Shape core 1 4 2.0 Oldowan
flake controls the create an edge on a core  boundary = edge mya chopper
next

5 Closed curve Iteration: each Deébitage: flaking to 2: Edges as generative elements Shape biface 1 4.5 1.6 Early hand
flake controls the create an edge of surfaces from edge mya axes
next determining a surface

5A Surface Iteration: each Fagonnage: flaking of 2: Surface intended elements, Shape biface 2 5 500 Biface hand
flake controls the surface to make a shape organized in relation to one from surfaces kya axes
next another

6 Surface Algorithm for Control over location 2: Surface of the flake brought Multiple 3 6 300 Levallois
flake removal and angle of flaking to under control but with shape production of kya technique

form surface constraint tools

7 Intersection of Recursive Prismatic blade 3: Flake removal prepares core Serial 4 7 > 50 Blade tech-

planes application of technology; repetitive for next removal; no shape production of kya nologies
algorithm production constraint on tool form tools

Modified from van der Leeuw (2020: Table 8.11).

2 Harmand et al. (2015).
b Delagnes and Roche (2005).
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cognitive capacities associated with WM = 2 + 1 (see Figs. 5 and 6) are
sufficient to provide a stable foundation for the occurrence and imple-
mentation of a wide range of cognitive abilities and associated behaviors
in the chimpanzees. This is evidenced by relative stasis in the size of
their working memory since the time of a last common ancestor with
Homo sapiens to the present.

Attempts to argue that their WM is comparable to that of Homo sa-
piens are not supported by the evidence, as we have demonstrated,
regardless of the modality for behavior being compared. At best, there
may be an exceptional individual that displays unusual capacities in
comparison to her/his compeers, just as there are exceptional humans
that display unusual capacities in comparison to her/his compeers, but
what we are concerned with is not the working memory capacity of the
exceptional individual but the working memory capacities that charac-
terize the species, whether it be Pan troglodytes or Homo sapiens. It is here
that we find a qualitative difference — but not a rupturist change — in that
once our hominin ancestors entered into an adaptive mode that included
a selective advantage for cranial expansion via a feedback process be-
tween new modes of cultural adaptation and cranial volume (Markov
and Markov, 2020), with the latter leading to expansion of both pure and
effective working memory capacity, this enabled, over hundreds of
thousands to millions of years, the development of a cultural and not just
a biological mode of adaptation (Read, 2012b). Whether it be innovation
in tool making technologies (see Fig. 12 and Table 6), innovation in
social relations through the evolution of culturally constructed systems
of kinship relations (Read, 2019), transformations in social relations
from face-to-face to culturally constructed relation-based modes of so-
cial relations (Read, 2010, 2012b), expansion of group dynamics from
being time and space bound to no longer being time and space bounded
(Gamble, 2007, 2010), we find qualitative and not just quantitative
differences between the biological adaptations of the non-human pri-
mates and the cultural adaptions of Homo sapiens (Lane et al., 2009;
Read et al., 2009).

Too see how these changes were initiated through an increase in
WM, consider first the increase in qualitatively different structural re-
lations entailed by going from WM =1 + 1 to WM = 2 + 1 and then to
WM = 3 + 1. Each step is quantitatively small but the increase from WM
=2+ 1to WM = 3 £ 1 has a large qualitative consequence in com-
parison to the increase from WM =1 4+ 1 to WM = 2 + 1.

With WM = 1, hence instantiated by, for example, a single individual
A, there is but one network formed by a single individual. With WM = 2
and instantiated by, say, individuals A and B, there are four qualitatively
different networks that can be formed from A and B: (1) A is isolated
from B, (2) A is connected to B and B is connected to A, (3) A is con-
nected to B but B is not connected to A, and (4) B is connected to A but A
is not connected to B. With three persons A, B and C there are now 4° =
64 qualitatively possible different networks. In addition, the instantia-
tion of WM = 1 identifies the point of interest; the instantiation of WM =
2 can identify a relation between A and B; and the instantiation of WM =
3 can represent a relation from A to C computed from the relation of A to
B and of B to C. The transformation from WM = 2 to WM = 3 is critical as
it introduces the computational basis for the development of cultural
ideational systems (Leaf and Read, 2012) that are central to the cultural
adaptation of Homo sapiens in defining what we are as a species (see
Read, 2012b).

We now outline a possible origin in early hominin evolution for the
transformation going from WM = 2 £ 1 to WM = 3 + 1 that initiated a
feedback loop eventually leading to EWM = 7 + 2 and affecting all
behavioral aspects of hominin evolution leading to modern Homo sapiens
(Read and van der Leeuw, 2008; see Fig. 12). Beginning around 6-8 mya
with the hominin divergence from a common ancestor for Pan and
Homo, to around 3 mya and phylogenetically marked by Australopithecus
being replaced by Homo, a major evolutionary change was the devel-
opment of an adaptation based on habitual bipedalism.

The habitual bipedalism of australopithecines plausibly favored
manipulation of stone, including removal of stone flakes and possibly
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their application to animal remains, between 3.5 and 3 mya (Harmand
et al., 2015; McPherron et al., 2010). Initially, flakes could have been
made by simply using one cobble to break up another (which only re-
quires WM = 2) and selecting a flake with a sharp edge from the débris.
By 2.6—2.5 mya stone-flaking was frequent (Braun et al., 2019; Harris,
1986; Kimbel et al., 1996; Semaw et al., 1997, 2003), probably
becoming habitual behavior (Shea, 2017), markedly different from
stones battered by anthropoid primates (Arroyo et al., 2016; Toth et al.,
2006), and perhaps attributable to an early evolutionary appearance in
Africa of Homo which is claimed on the basis of a small number of fossil
fragments from 2.8—2.3 mya (Kimbel et al., 1996; Villmoare et al.,
2015). Between 2.6 and 2.3 mya African assemblages of flaked stones
have permitted the refitting of excavated pieces that show repetitive
striking where siliceous stones afforded surface angles < 90° (Delagnes
and Roche, 2005). That “affordance”, which confounds apes trained to
flake stones, favors creation of overlapping, shallow, concave
(“conchoidal”) scars, thereby producing cutting edges on “chopping
tools” by consecutive removal of sharp flakes with (“bulbar) convex-
ities. With conchoidal flaking, “... toolmaking represents a true break
from the capacities of nonhuman hominids ....” (Hovers, 2012, p. 59).

There is little doubt that stone artefacts were being used to extract
edible foodstuff from bioenergetic resources available in animals and
plants, and that conchoidal flaking facilitated such use. It is worth
commenting here that between 4 and 2 mya, in relation to body-size
there is an inverse relationship, from australopithecines to early Pleis-
tocene Homo, between brain-size, which increases, and molar di-
mensions which decrease (Macho and Wood, 1995; McHenry, 2002;
Pilbeam and Gould, 1974), which may reflect a growing consumption of
animal tissues, though from 2-1.5 mya, when early Homo body-size was
approaching that of modern people, brain-size increased faster than
tooth-sizes decreased (Gomez-Robles et al., 2017), which is physiolog-
ically reasonable because the bioenergetic requirements of a large body
and a large brain cannot be met by chewing with very small teeth in the
absence of a sophisticated technology for preparing foods by concen-
trating them into small volumes that nevertheless can satisfy our vora-
cious metabolic demands.

Conchoidal flaking on a regular basis by adult group members de-
pends on WM = 3 since, just as nut cracking involves three objects
manipulated in a fixed sequential order and requires WM = 3, removing
a flake through conchoidal flaking requires a core nodule, a hammer-
stone and a particular percussion angle, all to be controlled in a fixed
sequential order, hence WM = 3 is required. Though both require WM =
3, conchoidal flaking differs from nut cracking in the following impor-
tant way regarding evolutionary consequences. The sharp cutting edges
of flakes and chopping tools enabled fast and efficient extraction of fat-
rich soft tissues, bone marrow, and meat from the carcasses of herbiv-
orous mammals, which made possible enrichment of the diet of early
Homo through dismemberment of carcasses, whether scavenged after
dying from natural causes or after having been killed by other predators.
This placed them in competition with fierce carnivores for exploiting
animal foodstuffs, but efficient extraction of meat and soft tissues by
early humans with stone tools, that could also be thrown as weapons at
animals and vultures, and bring down accessible prey, afforded them a
competitive edge over their rivals, both figuratively and literally. This
gave evolving Homo increased adaptive fitness through exploitation of
conchoidal flaking. In contrast, nuts suitable for nut cracking are still not
part of the diet of all chimpanzees, from which it is reasonable to infer
that nut cracking does not have the same relationship to evolving
adaptive fitness as does conchoidal flaking of stone artefacts by our
human forebearers, hence it is simply one of several ways that chim-
panzees exploit food resources.

Evolution in working memory leading to modern Homo sapiens
would have begun from a common ancestor with PWMS = 2 + 1 =
EWMS and then evolved to PWMS = 4 4+ 1 (Cowan, 2001) and EWMS =
7 + 2 (Miller, 1956) that we find in Homo sapiens today. This involved
both evolutionary change in the architecture of WM, as indicated by the
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increase in PWMS from 2 + 1 to 4 + 1, and in the implementation of that
architecture, as indicated by the increase in EWMS from 2 + 1 to 7 &+ 2.
The greater increase in the size of effective WM in comparison to the size
of pure WM indicates that implementation of the architecture became
increasingly important in the evolution of working memory leading to
modern Homo sapiens. This contrasts sharply with stasis in Pan for both
PWMS and EWMS over the same time period and suggests that much of
the difference between humans and our closest living relatives in rela-
tion to WM computational power results from increase in the size of
effective WM.

We find that cognitive mechanisms regarded as ‘“distinctively
human” or only nascent in other species, such as

...(1) mechanisms that are specialized for dealing with the inanimate
world, such as causal understanding; (2) faculties that are equally
likely to process animate (social) and inanimate (asocial) events,
such as episodic memory; and (3) various forms of cognition
specialized for dealing with social stimuli, such as face processing,
imitation, and mindreading ... (Heyes, 2018, p. 48),

are distinguished by our having cognitive abilities such as “causal
understanding” and “mindreading” that depend on HWM = 3 or more
for effective implementation. It is not the quantitative size of WM
derived directly from the architecture of the brain (PWMS) which
matters most, but the qualitative changes enabled through the imple-
mentation of that architecture (EWMS). What appears to distinguish
humans is their capacity for implementing strategies that give access to
the computational power of their WM and this provided Homo with a
computational power vastly exceeding what occurs in the non-human
primates. We suggest, then, that what differentiates humans from
other animals is our capacity to “harness the power,” as we metaphori-
cally put it, derived from pure WM through a highly developed meta-
cognitive ability that had the consequence of transforming PWMS = 4 +
1 into EWMS 7 + 2. This also brings to mind the metaphor of the “inner
eye,” proposed by Nicholas Humphrey (1986), that what characterizes
human beings is the capacity to explore our mind through being aware
of our own thought processes and thereby transforming individual
metacognition into group level shared cognition.

In conclusion, the transition to WM = 3 + 1 was a quantitative
change that initiated a feedback loop that enabled causal relations and
reasoning of the form “A in the context of B, gives rise to C,” hence the
ability to recognize contingency in causal relations that otherwise are of
the more limited form “A gives rise to B.” The qualitative changes
enabled by quantitative changes leading to expanded working memory
laid the foundation for the inclusion in our species of a cultural adap-
tation that introduced capabilities in our species that are unavailable
through the biological adaptations of the non-human primates.
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